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SUMMARY 

The f i r s t  p lane t  t h a t  w i l l  be explored thoroughly w i l l  be Mars, 

and t h e  f i rs t  s t age  i n  such an  explora t ion ,  af ter  s t u d i e s  by fly-by 

and o r b i t i n g  vehic les ,  w i l l  be t o  land an instrumented package on 

the sur face .  When t h e  instruments have measured what they can i n  the  

landing loca t ion ,  f u r t h e r  information about t h e  sur face  of the  planet 

and i t s  a tmsphere  can only be gained by l i f t i n g  instruments i n t o  the  

atmosphere and moving instrumented packages from one poin t  on t h e  

sur face  t o  another.  Balloons appear t o  o f f e r  many spec ia l  advantages 

f o r  both of these t a sks .  They a r e  conceptually s i m p l e ,  can be made 

very r e l i a b l e  and, once a l o f t ,  a r e  driven by t h e  winds with no f u e l  

expenditure. 

Balloons a r e  more v e r s a t i l e  than i s  genera l ly  supposed. Extensible 

balloons,  such as those used f o r  radiosondes on Earth,  should be e f f e c t i v e  

h igh -a l t i t ude  probes of t h e  Martian atmosphere. The r ecen t ly  developed 

superpressure balloon, using nonextensible f a b r i c s  such as DuPont's 

Mylar, can support an instrument package a l o f t  f o r  days without using 

b a l l a s t ;  t h e  p o t e n t i a l  value of such a system t o  ca r ry  instruments 

f o r  t he  study of Mars' sur face  while d r i f t i n g  with the  winds i s  ob- 

vious.  Another important use of t he  balloon on Mars w i l l  be t o  t rans-  

po r t  r e l a t i v e l y  heavy loads over sho r t  d i s tances .  

Ex i s t ing  balloon "theory" w a s  developed l a r g e l y  on t h e  bas i s  of 

practical experience. 

opera t ions  on Mars, a coherent theory of balloon f l i g h t  was developed 

and i s  presented i n  t h i s  Report. The theory i s  applied t o  the  major 

classes of balloon - extens ib le ,  superpressure, equal-pressure, and 

ho t - a i r  - and formulas are derived by which t h e i r  performance i n  the  

atmosphere of any p lane t  can be analyzed. 

of t h e  atmosphere of Mars i s  presented, and numerical examples are given 

f o r  ba 1 loon performance on Mars . 

To analyze t h e  p o s s i b i l i t i e s  of balloon 

A summary of present knowledge 
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A problem of grea t  importance i s  the  question of buoyant gas 

The ana lys i s  presented in  th i s  and how t o  t ranspor t  i t  from Earth. 

Report does not  completely solve the  problem, but i t  leads t o  the  

conclusion t h a t  hydrogen is  the  bes t  gas t o  use. 

t ranspor ta t ion  are discussed: 

cryogenic l i qu id ,  and bound i n  chemical compounds. The most convenient 

of these,  and a l s o  i n  some ways the  most problematical ,  i s  the l as t .  

Three methods of 

as a gas under high pressure,  as a 

Another element of the  balloon system t h a t  i s  given an 

extended treatment i s  the  f a b r i c .  It may be t h a t  ne i the r  rubber nor 

neoprene, t he  two f a b r i c s  cur ren t ly  used f o r  ex tens ib le  balloons,  

w i l l  be s u i t a b l e  f o r  Mars because of t h e i r  vu lne rab i l i t y  t o  the  an t ic ipa ted  

low temperatures and high u l t r av io l e t - r ad ia t ion  f luxes.  

t o  be a s u i t a b l e  choice f o r  the  superpressure balloon, although it 

may be d i f f i c u l t  t o  s t e r i l i z e  adequately. 

taken i n t o  considerat ion i n  the choice of f a b r i c  a r e  out l ined ,  and 

new f a b r i c s  t h a t  might o f f e r  advantages a r e  discussed. 

Mylar appears 

The f a c t o r s  t h a t  must be 

Any space-borne system must be designed t o  be r e l i a b l e ,  t o  occupy 

a m i n i m u m  volume aboard t h e  spacecraf t ,  and t o  be as l i g h t  i n  weight 

a s  possible .  

R e l i a b i l i t y  i s  not  r ead i ly  quant i f ied  a t  t h i s  s tage,  but the other  

c r i t e r i a ,  weight e f f ic iency  and volumetric e f f i c i ency ,  a r e  presented 

as  t h e  quan t i t a t ive  bases f o r  s e l ec t ing  a system. Insofar  as possible ,  

complete systems a r e  described t o  i l l u s t r a t e  the  various uses of 

balloons i n  Mars' atmosphere. The numerical conclusions are t e n t a t i v e  

f o r  severa l  reasons: the  ana lys i s  is  incomplete; many p a r t s  of the  

t o t a l  balloon system were hypothesized on the assumption t h a t  research 

would t u r n  up t h e  answers; and t h e  proper t ies  of Mars' atmosphere a r e  

somewhat uncertain.  However, under s t a t e d  assunptions,  it appears 

t h a t  an expenditure of less than 100 kg would p e r m i t  ten i d e n t i c a l  

ex tens ib le  balloons carrying 1 kg each t o  be sent to  useful  a l t i t u d e s  

t o  study the  atmosphere, o r  would permit a 10-kg package t o  be 

ca r r i ed  an i n d e f i n i t e  number of days by superpressure balloon. 

are t y p i c a l  r e s u l t s .  

These des idera ta  a r e  repeatedly s t r e s sed  i n  the  Report. 

These 
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Although the  use of balloons t o  a i d  i n  exploring Mars appears 

f e a s i b l e  and highly advantageous, many questions remain t o  be 

answered. 

t h a t  research should take  i f  t h i s  idea is  t o  be made i n t o  a workable 

system. Since many of the  theo re t i ca l  r e s u l t s  apply to  balloons 

general ly ,  they w i l l  be of interest no t  only t o  space scientists,  but 

t o  terrestrial  meteorologists and geophysicists as w e l l .  

A number of suggestions are given t o  ind ica t e  the  d i r e c t i o n  

Appendixes i n  the Report dea l  with important spec ia l ized  problems : 
balloon temperature, methods f o r  gas t ranspor t  from Earth,  and the 

dynamics of t he  r i s i n g  balloon. 
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I. INTRODUCTION - THE CASE FOR BALLOONS ON MARS 

The series of exploratory missions t h a t  t he  United S t a t e s  

proposes t o  launch t o  Mars c o n s i s t s ,  i n i t i a l l y ,  of a simple probe 

passage of t h e  p lane t  and, u l t imate ly ,  of a manned expedition t o  explore 

the  sur face .  Between these  extremes, but e a r l y  in  t h e  series, various 

instrumented packages w i l l  be landed t o  telemeter whatever da ta  can be 

obtained about t h e  sur face  and about t h e  atmosphere. 

I f  Mars' sur face  i s  physiographically as  var ied  as i ts  mottled 

appearance suggests,  sur face  measurements w i l l  be meaningful only when 

da ta  have been accrued from an  adequate sample of surface loca t ions .  

Moreover, r a w  "geophysical" data w i l l  form a coherent p i c tu re  of t he  

atmosphere and i t s  c h a r a c t e r i s t i c s  only when observations have been 

amply d i s t r i b u t e d  i n  time as w e l l  a s  i n  space. 

Several  suggestions have been made f o r  vehic les  t h a t  can range 

the  planet and explore it thoroughly and sys temat ica l ly .  The suggested 

vehic les  walk, crawl, r o l l ,  o r  hop over t h e  sur face  and a r e  v isua l ized  

as being e i t h e r  remotely cont ro l led  o r  e l abora t e ly  programed t o  

meet foreseeable contingencies.  

chosen, and even i f  they could be made r e l i a b l e ,  such vehic les  remain 

complex, energy-consuming mechanisms whose weight i s  p roh ib i t i ve  f o r  

e a r l y  s o f t  landings. 

Regardless of t h e  locomotive p r inc ip l e  

One vehic le  t h a t  can l i f t  an  instrument payload and ca r ry  it a 

use fu l  d i s t ance  i s  t h e  balloon. The only real  disadvantage t o  balloon 

t r anspor t  i s  t h a t  t he  balloon's course and speed are capricious and 

i ts  t r a v e l  t i m e  and d i s t ance  are under only minimal con t ro l ,  f o r  "the 

wind bloweth where i t  l i s t e t h . "  

t o  base, nor is  it recovered. But f o r  ea r ly  unmanned explora t ion  of 

a p lane t ,  t h i s  i s  unimportant. 

Consequently the  balloon n e i t h e r  re turns  
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What i s  important i s  t h a t  balloons can l i f t  e f f i c i e n t l y .  Balloons * 
r equ i r e  no propulsive engine o r  f u e l ,  because t h e  winds 

motive power. 

of energy. 

any ground-based vehic le .  They are r e l a t i v e l y  lightweight and 

inexpensive, and they can be made q u i t e  r e l i a b l e .  I n  the  last decade, 

s i g n i f i c a n t  advances i n  t h e  design and u t i l i t y  of f r e e  balloons have 

been brought about, primarily by the  development of extruded p l a s t i c  

f i lms  of uniform qua l i ty ,  low poros i ty ,  and g rea t  s t rength .  As  a 
r e s u l t  of t hese  advances, lightweight balloons are ava i l ab le  t h a t  can 

ca r ry  r e l a t i v e l y  l a rge  loads and t h a t  can f l o a t  near a predetermined 

l e v e l  i n  t h e  atmosphere f o r  hours o r  even days. 

provide f r e e  

They c ross  chasms and mountains without ex t r a  expenditure 

They provide an  elevated observation poin t  una t ta inable  by 

Recognizing t h a t  one ob jec t ive  of exploration must be information 

of a quant i ty  and q u a l i t y  t h a t  i s  meaningful, and recognizing t h a t  t h e  

payloads of e a r l y  Martian landing capsules a r e  severely l imi ted ,  t h i s  

r epor t  examines the  c a p a b i l i t i e s  and l imi t a t ions  of s eve ra l  balloon 

systems f o r  Mars' exploration. 

It tu rns  out  t h a t  t h e  technica l  considerations bearing on the 

success or  f a i l u r e  of t he  Mars balloon a r e  of s eve ra l  kinds, and each 

must be examined i n  f u l l  knowledge of i t s  penalty i n  payload and i t s  

e f f e c t  on r e l i a b i l i t y .  

s eve ra l  poss ib le  balloon types;  (2) t he  type of gas used; (3) t he  means 

f o r  s t o r i n g  a l i f t i n g  gas f o r  t he  in t e rp l ane ta ry  voyage; ( 4 )  t he  means 

f o r  i n f l a t i n g  the  balloon; (5) t he  means f o r  launching the  balloon; and 

( 6 )  t h e  bas ic  opera t iona l  considerations f o r  a balloon i n  a remote 

environment. These a r e  considered, q u a n t i t a t i v e l y  where poss ib le ,  

otherwise q u a l i t a t i v e l y  i n  t h e  following chapters.  

r e s u l t s  are unobtainable suggested a reas  of research a r e  ind ica ted .  

Primary among these  considerations a r e  (1) the  

Where quan t i t a t ive  

* 
According t o  Mintz , t he  wind regimes of Mars probably a l t e r n a t e  

with t h e  season from hemisphere t o  hemisphere. 
hemisphere, t he  winds would be turbulen t  and unpredictable,  with poss ib le  
doldrums; i n  the  o ther  season, he  believes,  t h e r e  would be steady 
easterlies and westerlies not unlike Ear th ' s  t r ade  winds. 

H a l f  t he  year i n  each 
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One question t h a t  i s  no t  considered quan t i t a t ive ly  i n  t h i s  ana lys i s  

is t h a t  of t h e  compat ib i l i ty  and r e l i a b i l i t y  of a balloon system. 

Uncer ta in t ies  e x i s t  t h a t  p e r m i t  only a preliminary q u a l i t a t i v e  

discussion of these  subjec ts .  

system must be based t o  no small ex ten t  on t h e  compat ib i l i ty  of t h a t  

system with o the r  elements i n  the  spacecraf t  and wi th  t h e  spacecraf t  

experiments. Within the  balloon system i t s e l f ,  of course, one must 

s t r i v e  toward reducing the  number of par ts ,  e l imina t ing  moving p a r t s ,  

r a i s i n g  t h e  r e l i a b i l i t y  of a l l  components, and keeping the  system, 

as f a r  a s  poss ib l e , f r ee  of dependence on ou t s ide  systems. 

i s  probably t h e  s i n g l e  most important a t t r i b u t e  of a space system. 

Where poss ib le  i n  t h i s  r epor t ,  w e  have attempted t o  keep both 

compat ib i l i ty  and r e l i a b i l i t y  i n  mind when considering t h e  various 

component p a r t s  of conceivable balloon systems. 

However, t he  f i n a l  design of a balloon 

R e l i a b i l i t y  

REFERENCE FOR CHAPTER I 

1.1 Mintz , Yale, "The General Ci rcu la t ion  of Planetary Atmospheres ," 
Appendix 8 i n  W. W. Kellogg and C.  Sagan, The Atmospheres of Mars 
and Venus, National Academy of Sciences--National Research 
Council, Publ ica t ion  944, Washington, I). C . ,  1961. 
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11. BALLOONS I N  A PLANETARY ATMOSPHERE 

E x p e r i m e n t a l  U s e s  

In  considering the  usefulness of balloons f o r  studying a p lane t ,  

t h ree  modes i n  which such a vehic le  can operate  should be recognized. 

Each mode has i t s  own u t i l i t y .  I n  the  discussions i n  t h i s  repor t ,  a 

telemetry o r  communication l i n k  permitt ing the r e l a y  of information 

t o  Earth i s  assumed in  a l l  t h ree  modes, and t h i s  w i l l  remain an  

assumption here ,  as communication and telemetry l i e  outs ide  t h e  scope 

of t h i s  r epor t .  

The th ree  modes of operat ion are:  

(a) The balloon used a s  a sensor.  (The desired da ta  i s  obtained 

by t racking  the  balloon i t s e l f  and recording the motion.) 

(b) The balloon used as a platform. (The balloon supports 

instruments,  which perform the  measurements.) 

(c) The balloon used a s  a conveyance. (The balloon moves a n  

objec t  from one point  t o  another.) 

Several possible  experiments a r e  l i s t e d  below, arranged according 

t o  mode of operat ion.  

THE BALLOON AS A SENSOR 

Since a balloon t h a t  i s  neu t r a l ly  buoyant i n  the atmosphere moves 

approximately with the  a i r ,  i t s  motion revea ls  the wind speed and 

d i r e c t i o n  a t  i t s  f l o a t i n g  a l t i t u d e .  Of course, i f  data  are t o  be 

obtained, the  balloon must be  tracked; i t s  pos i t ion  relative t o  some 

f ixed  pos i t ion  must b e  known as a funct ion of t i m e .  

THE 3ALLOON AS A PLATFORM 

The second mode of operat ion permits a broad choice of uses f o r  

The balloon i s  a mobile platform. a balloon on a remote planet .  Any 
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instrument small enough t o  be c a r r i e d  and r e l i a b l e  enough t o  be operated 

remotely i s  a candidate f o r  use. 

l i s t e d ;  no l i s t  would be exhaustive, bu t  f o r  i l l u s t r a t i o n ,  a few s p e c i f i c  

examples can be c i t e d .  

A multitude of p o s s i b i l i t i e s  could be 

The most f ami l i a r  opera t ion  in  t h i s  mode i s  the  measurement of 

meteorological parameters. Using a s ing le ,  ex t ens ib l e  balloon t h a t  

expands a s  it rises u n t i l  it bur s t s ,  it i s  commonplace on Earth 

t o  send instruments a l o f t  t h a t  measure pressure,  temperature, rad ian t -  

hea t  f l ux ,  and o the r  physical  q u a n t i t i e s  a s  a function of a l t i t u d e  along 

a s ing le ,  more-or-less v e r t i c a l  l i n e .  From such measurements can be 

derived t h e  v a r i a t i o n  with a l t i t u d e  (over a s i n g l e  point)  of such 

important parameters as dens i ty ,  water-vapor conten t ,  and rad ia t ion-  

f l u x  divergence. On Mars, similar measurements would y i e l d  

important information about t h e  s t r u c t u r e  of t h e  atmosphere, although 

the  v a r i a t i o n  of many atmospheric parameters i n  space and t i m e  could 

no t ,  of course,  be predicted on t h e  bas i s  of one sounding (or even 

many soundings) over a s i n g l e  loca t ion .  

However, a simple, single-point balloon ascent  on Earth can provide 

many geophysical da t a  beyond t h e  usual meteorological measurements, 

and t h e  same is t r u e  of Mars. 

It may be objected t h a t  similar measurements can be made from the  

Mars capsule i t s e l f  during i t s  descent through t h e  atmosphere; but 

t he  r e l e a s e  subsequently of a v e r t i c a l - r i s i n g  balloon would give 

add i t iona l  measurements a t  another s e l ec t ed  time. Much valuable 

information would be obtained i f  a r e l a t i v e l y  l a r g e  number of vertical  

ascents  were made a t  various times and from dispersed loca t ions .  

Considerably more f l e x i b l e  i n  operation is  a balloon t h a t  can 

f l o a t  f o r  a long period a t  a predetermined dens i ty  l e v e l  i n  the  

atmosphere. 

s t a b i l i t y  t h a t ,  depending on t h e  winds, permits a v a r i e t y  - o r  even 

a grea t  v a r i e t y  - of measuremnts t o  be made over a considerable 

d is tance  and t i m e .  

Such a veh ic l e  becomes an observation platform of good 

From such a platform d r i f t i n g  across Mars, standard meteorological 

measurements could be made; t h e  r e s u l t i n g  da ta ,  when combined with 

measurements made by t h e  capsule during en t ry ,  would begin t o  y i e l d  
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information on t h e  s t r u c t u r e  and v a r i a b i l i t y  of t h e  Martian atmosphere. 

To be sure, the balloon measurements would be made a t  a s ing le  densi ty  

level i n  t h e  atmosphere, o r  a t  most, a t  two o r  t h ree  levels, but  these  

data  could be supplemented by parachuting instruments i n  small  packages 

from t h e  "mother" balloon a t  regular  i n t e rva l s .  Such a procedure 

would add another dimension t o  these  data. 

A platform suspended some d is tance  below the  balloon would permit 

instruments to  look down o r  up a t  q u i t e  a l a rge  angular area of ground 

and sky. A r ad ia t ion  de tec tor  aimed downward could sense rad ia t ion  e m i t -  

ted o r  r e f l e c t e d  by ground, clouds,  o r  haze. A more complex photographic 

o r  t e l ev i s ion  camera could record surface-wind d i rec t ions  and speeds 

by observing dropped smoke bombs o r  f l a r e s ,  could scan surface fea tures  

i n  d e t a i l ,  and could seek evidence of l i f e .  Data from inf ra red  o r  

microwave radiometers would p e r m i t  es t imat ion of t h e  sur face  temperatures 

and the  emissivities of r e l a t i v e l y  f i n e  topographic f ea tu res .  

ray de tec tor  could provide evidence of the  r ad ioac t iv i ty  of t he  surface.  

A gamma- 

A spectrometer and a polarimeter aimed upward a t  s ca t t e r ed  v i s i b l e  

sunl ight  would provide continuous data  t h a t ,  combined with knowledge 

of t he  look angle and the  so la r  pos i t ion ,  would provide information on 

s c a t t e r i n g  and po la r i za t ion  i n  the  atmosphere, from which the na ture  of 

a i rborne p a r t i c l e s  might be infer red .  Sensors could de tec t  the  

presence of clouds and haze layers  i n  the  high atmosphere and t h i n  

hor izonta l  d i s t r i b u t i o n s ,  e i t h e r  of which could then be s tudied more 

c lose ly  by other  methods. Looking up in  t h e  u l t r a v i o l e t  absorption bands 

of ozone would lead t o  a determination of the  v e r t i c a l  and the  hor izonta l  

d i s t r i b u t i o n  of t h a t  gas.  

A wind-carried platform would permit a wide v a r i e t y  of physical  

observations t o  be made a t  t he  f l o a t i n g  level. 

could be monitored as the  balloon d r i f t s  away from i ts  launch point.  

Such data  would be p a r t i c u l a r l y  usefu l  i f  coupled with data  from a 

The magnetic f i e l d  

continuously recording magnetometer a t  the home base. There are o ther  

important physical  q u a n t i t i e s  t h a t  could be measured: 

atmospheric electric f i e l d s  and f i e l d  grad ien ts ,  and electrical disturbances 

a r i s i n g  from such an atmospheric phenomenon as a dust  storm. 

cosmic rays,  
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The search f o r  l i f e  forms usua l ly  has t h e  h ighes t  p r i o r i t y  i n  a 

l i s t  of experiments f o r  Mars. As a p a r t  of t h i s  search, samples taken 

a t  t h e  f l o a t i n g  a l t i t u d e  of the  balloon might be analyzed f o r  t h e  

presence of spores and bac te r i a .  I n  add i t ion  t o  the  photographic o r  

t e l e v i s i o n  survey already mentioned, spectral measurements similar t o  

those made by Sinton (2*1) might produce da ta  on t h e  presence and 

d i s t r i b u t i o n  of p l an t  l i f e .  

THE BALLOON AS A COMlEYANCE 
Used as a conveyance, a balloon can serve t o  move one o r  more devices,  

making it  poss ib le  f o r  (a) one package t o  opera te  successively a t  two 

o r  more loca t ions ,  o r  (b) a number of devices t o  opera te  simultaneously 

a t  more than one loca t ion .  By combining and pyramiding these  two 

t r anspor t a t ion  func t ions ,  permutations can be evolved t h a t  are l imi ted  

only by payload r e s t r i c t i o n s .  

A balloon could be used t o  seed a number of s imi l a r  experimental 

packages over a l a rge  area f o r  simultaneous s t u d i e s  of s e l ec t ed  

parameters. For example, small ,  self-contained balloon launchers might 

be d i s t r i b u t e d  t h a t  would simultaneously release balloons t o  probe 

t h e  atmosphere v e r t i c a l l y  from d i f f e r e n t  loca t ions .  

After t h e  capsule has  made i ts  measurements a t  t he  landing loca t ion ,  

it might a l s o  be des i r ab le  t o  move the e n t i r e  instrument package t o  

a new loca t ion  having d i f f e r e n t  environmental c h a r a c t e r i s t i c s .  The 

balloon would be launched and would rise t o  i t s  f l o a t i n g  a l t i t u d e  carrying 

the  instrument package and noting the  l o c a l  albedo of t h e  ground. 

would continuously monitor t h e  albedo of t he  p l ane t ' s  sur face  as it 
d r i f t e d  wi th  t h e  wind a t  t h e  equilibrium level. 

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  value a t  t he  o r i g i n a l  landing poin t  i t  

would descend. Obviously, any other measurable parameter could be used 

t o  t r i g g e r  t h e  descent of t h e  balloon; t h e  ob jec t ive  i s  f o r  t h e  balloon 

t o  descend where t h e  " te r ra in"  i s  d i f f e r e n t  i n  kind, and repea t  t he  

neasurements. 

It 

When t h e  albedo w a s  

A var i an t  on the  opera t ion  j u s t  described would be t o  choose i n  
advance two o r  more sur face  c h a r a c t e r i s t i c s  t h a t  would be of most interest. 

Then two o r  more balloon u n i t s  would be included i n  the  capsule.  
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Regardless of t he  chance environment a t  the  landing point ,  the balloons 

would separa te ly  l i f t  t h e  u n i t s  and would ind iv idua l ly  seek t h e  two 

loca t ions  whose physical  parameters corresponded t o  the preselected 

values (such as high and low sur face  r ad ioac t iv i ty  o r  temperature), 

a t  which places sur face  s tud ie s  would be made. 

As a f i n a l  i n t e r e s t i n g  case, the  balloon m i g h t  be used t o  separa te  

i n t e r f e r i n g  p a r t s  of the same payload o r  p a r t s  that  must be separated f o r  

the  payload t o  funct ion properly.  

measuring equipment, f o r  example, could be separated from a nuclear 

r eac to r .  

dis tances  from a seismometer. 

Sens i t ive  e l ec t ron ic  and rad ia t ion-  

Explosive charges could be "seeded" by a balloon a t  various 
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I n t r o d u c t o r y  B a l l o o n  T h e o r y  

The suggestion t h a t  balloons be used i n  exploring a planet  may 

reasonably evoke the supposi t ion t h a t  any such simple device,  a f t e r  

two hundred years o r  more of use,  must be thoroughly understood. 

However, when an attempt i s  made t o  optimize a balloon system f o r  

usefu l  mass-carrying ef f ic iency  ( i . e , ,  minimizing the  t o t a l  load t o  

be t ransported from the  ea r th  t o  the  p lane t ) ,  o r  when balloon theory 

is s tudied i n  d e t a i l ,  t he  concept of a balloon as a s imple  device 

quickly disappears.  Instead,  t he  balloon emerges a s  a complicated 

thermodynamic and hydrodynamic system t h a t  makes it a d i f f i c u l t  problem 

f o r  t h e  designer t o  f ind  the  bes t  design. 

It i s  not  t h a t  there  i s  a dear th  of empir ical ly  derived techniques 

f o r  l i f t i n g  a payload and keeping it a l o f t .  Such techniques have 

mult ipl ied a s  experience has  grown and technology advanced. Nor i s  

i t  t h a t  bas ic  balloon physics i s  p a r t i c u l a r l y  d i f f i c u l t .  But se r ious  

problems a r i s e  when w e  t r y  t o  pred ic t  a l l  o r  near ly  a l l  of the 

per t inent  parameters i n  order then t o  compute what minimum of e f f o r t ,  

mater ia l ,  o r  expense i s  required t o  achieve a des i red  r e s u l t .  

In  t h i s  sec t ion ,  then,  t o  put t he  problem i n  proper perspect ive,  

and t o  introduce la ter ,  more spec i f i c  considerat ions of balloon dynamics, 

the basic  theory of balloons (i.e., why they r ise and f l o a t )  w i l l  be 

examined, and the  forces  t h a t  a f f e c t  them w i l l  be indicated.  There w i l l  

be an attempt t o  show under what circumstances a balloon's gas temperature 

becomes important, and how reasonable approximations t o  the equations of 

motion might be obtained f o r  a balloon r i s i n g  i n  a s t i l l  atmosphere i n  

which t h e  temperature varies ad iaba t i ca l ly .  

BUOYANCY AND LIFT 

By Archimedes' t he  buoyant force ,  FB, on a bubble 

of gas in the atmosphere i s  

where p i s  the  a i r  densi ty ,  V is  the  volume of the  bubble, g i s  the  

loca l  acce le ra t ion  of grav i ty ,  and m i s  the  mass in  the  bubble. I f  
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FB = 0,  t he  bubble i s  n e u t r a l l y  buoyant (i.e.,  f l o a t i n g ,  but not 

r i s i n g  o r  f a l l i n g ) .  

must be a force  imbalance, F > 0. However, i f  such a n  imbalance 

ex is t s ,and  t h e  bubble i s  therefore  i n  motion, t he  r e t a rd ing  fo rce  due t o  

t h e  medium must be taken i n t o  account. 

bubble of gas, then, i s  given by 

For t h e  bubble t o  r ise i n  the  atmosphere, t he re  

B 

The t o t a l  force ,  FT, on the  

* 
FT = FB - FD = m a ,  

where F 

by hydrodynamic theory; (2*3) and 5 i s  the  acce le ra t ion  upward. 

is t h e  drag fo rce ;  m* = m + %pV, t h e  " v i r t u a l  mass" required D 

I f  w e  encase the  gas bubble wi th in  a balloon, m becomes 

¶ 

where nj, is  t h e  mass of t he  balloon f a b r i c ,  and m 

balloon gas. For s impl i c i ty ,  t he  expression m llpayload plus f ixed  

mass1' w i l l  be defined t o  include a l l  t he  mass l i f t e d  except t h e  gas and 

the  f a b r i c .  Fur ther ,  it w i l l  be understood t h a t  V i s  the  volume of t he  

contained gas a t  any given a l t i t u d e ,  and not necessa r i ly  the  maximum volume 

the  balloon may reach. 

i s  t h e  mass of t h e  
g 

P' 

The volume of t he  payload i s  neglected. 

L e t  us w r i t e  t he  pe r fec t  gas l a w  i n  the  form 

pV = RT'm /M 
g g '  

where M i s  t h e  molecular weight of t h e  balloon gas, T '  the  gas 

temperature, p i s  t h e  pressure,  and R is  t h e  gas constant.  Then, 

assuming t h a t  t h e  pressure in s ide  t h e  balloon i s  equal t o  the  ambient 

a i r  pressure,  t h e  mass of a i r  displaced by a volume of gas V, becomes 

g 

T '  
p v = -  - g y  

m Ma 

M T  
g 

where Ma is  t h e  molecular weight of the  atmosphere, and T i s  the 

ambient temperature. 

unless otherwise s t a t e d ,  primed q u a n t i t i e s  r e f e r  t o  conditions in s ide  

the  balloon; unprimed q u a n t i t i e s  r e f e r  t o  ambient atmospheric 

conditions.  

I n  t h i s  equation and elsewhere i n  t h i s  r epor t ,  



-11- 

For a nonextensible balloon (a nonstretching balloon having 

a f ixed  maximum volume, V,), Eq. (2.4) holds as long as t h e  volume of gas 

is less than Vb. i 

(V ), t h e  condition of n e u t r a l  buoyancy (F = 0) is  soon es tab l i shed ,  

and t h e  balloon i s  then f l o a t i n g  a t  a constant-density "surface" 

i n  the  atmosphere. The s p e c i f i c s  of how a balloon achieves and 

maintains t h i s  condition of n e u t r a l  buoyancy are a func t ion  of t h e  type 

of nonextensible balloon and w i l l  be considered in  d e t a i l  i n  
Chapter V .  

Once t h e  volume of a nonextensible balloon equals i t s  maximum value 

b B 

For an ex tens ib l e  balloon, one t h a t  expands a s  it rises u n t i l  it 

bur s t s ,  t he re  i s  a f a c t o r  a f f e c t i n g  Eq. (2.4) i f  ca l cu la t ions  a r e  t o  

be prec ise :  

d i f f e r e n t i a l  pressure must e x i s t  across  t h e  balloon f a b r i c .  Under 

these conditions,  t he  rate of change of volume wi th  a l t i t u d e  must 

r e f l e c t  t h e  change in  t h i s  pressure d i f f e r e n t i a l .  The e r r o r  t h a t  

en te r s  the  ca l cu la t ion  of balloon volume when t h e  pressure  d i f f e r e n t i a l  

i s  neglected i s  proportional t o  the r a t i o  of t h e  pressure  d i f f e r e n t i a l  

t o  t he  ambient pressure.  On Earth, t h i s  r a t i o  is  small enough t o  be 

neglected except when ex tens ib le  balloons are c l o s e  to  burs t  a l t i t u d e .  

However, on Mars, a co r rec t ion  t o  Eq. (2.4) i s  requi red  f o r  ex tens ib le  

balloons. I n  Chapter V, t h e  dynamics of t h e  ex tens ib le  balloon w i l l  

be t r e a t e d  i n  more d e t a i l ,  t ak ing  d i f f e ren t i a l -p re s su re  e f f e c t s  i n t o  

account, but w e  w i l l  assume t h a t  Eq. (2.4) is  v a l i d  fo r  t h e  purposes 

of t h e  present discussion. 

because of t h e  tens ion  of the  s t r e t ched  material, a 

The buoyant-force equation can now be w r i t t e n  as 

L 
t h e  dens i ty  of 

where n. is  the  load a l o f t  (12 = m + %), f3 i s  equal t o  the  r a t i o  of 
P 

t h e  atmosphere near t h e  balloon t o  t h e  dens i ty  of t he  

contained gas: 

P Ma T' 
B = - = - -  
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It i s  i n t e r e s t i n g  t o  note  t h a t  Eq. (2.5) e s s e n t i a l l y  says tha t ,wi th in  

t h e  v a r i a t i o n  of p ,  
with a l t i t u d e .  For n e u t r a l  o r  p o s i t i v e  buoyancy, F 2 0, requi r ing  

t h a t  p >  1. This condition ind ica t e s  t h a t  f o r  a gas t o  l i f t  a balloon 

it must have a molecular weight s i g n i f i c a n t l y  less than t h e  molecular 

weight of t h e  ambient medium, o r  else must be a t  a s i g n i f i c a n t l y  

higher temperature than  t h e  medium. The ho t - a i r  balloon of  old-time 

ca rn iva l s  i l l u s t r a t e s  t h e  la t ter  condition; "hot-air" balloons f o r  

Mars a r e  discussed i n  d e t a i l  i n  Chapter V.  Equation (2.5) i l l u s t r a t e s  

t h a t  once a choice has been made of the  gas f o r  a balloon, i ts  mass, 

t he  mass of t he  payload, and t h e  s i z e  and mater ia l  of the  balloon, the  

buoyant fo rce  i s  determined completely by the  r a t i o  of t h e  temperature of 

t h e  gas t o  the  ambient temperature. The performance of a balloon i n  

a planetary atmosphere depends s t rongly  on t h e  r a t i o  of i n t e r n a l  t o  

ex te rna l  temperature, a quant i ty  t h a t  varies with a l t i t u d e ,  loca t ion ,  

t i m e  of day, balloon gas, and balloon mater ia l .  It i s  obvious t h a t  

any attempt t o  optimize a balloon system f o r  Mars must take  t h i s  

temperature e f f e c t  i n t o  account. Most of what is known quan t i t a t ive ly  

about t h i s  parameter has been determined empir ica l ly  f o r  balloons 

opera t ing  i n  our own atmosphere and does not ca r ry  over adequately t o  

Mars. Appendix A attempts to t r e a t  t he  gas-temperature problem on Mars. 

t h e  buoyant fo rce  on a balloon is constant 

B 

From Eq. (2.5) t he  mass of l i f t i n g  gas requi red  t o  produce neu t r a l  

buoyancy, m i s  
go , 

m, L m = -  . 
p - 1  

The mass of gas requi red  t o  produce a spec i f i ed  i n i t i a l  upward 

acce le ra t ion  i s  given by 

(2 7) 

1-A/2 
p = 8  - 

X + 1  

where * 
¶ 



- 13- 

a 
h i s  the  r a t i o  of t h e  i n i t i a l  acce le ra t ion  of t he  balloon 

t o  t h e  loca l  acce le ra t ion  of g rav i ty ,  and 

~m i s  the  mass of t h e  “excess gas” over t h a t  required t o  
g go 

e s t a b l i s h  n e u t r a l  buoyancy. 

Hence 
$ - 1  

M (3/2)hP/(B - 1) , * 3 
f o r  small values of A ,  s ince  then $ M $( 1 - ; A ) .  

For A << 1, 

The parameter A ,  a s  w i l l  become apparent, i s  important i n  

determining the  d e t a i l e d  performance of a balloon. It i s  discussed 

i n  Appendix C .  

adopt a value of h = 0.1 i n  t h i s  r e p o r t ,  whence 

From the  ana lys i s  contained i n  t h a t  appendix w e  s h a l l  

fl’k = 0.8@ (A = 0.1) . (2.10) 

THE RATE OF RISE OF A BALMON THROUGH THE ATMOSPHERE 

I n  a complete treatment of the  theory of balloons it i s  necessary 

t o  consider t he  question of how f a s t  a balloon rises i n  the  atmosphere. 

U t i l i z i n g  Eq. (2.2),one a r r i v e s  a t  a d i f f e r e n t i a l  equation expressing the 

v e r t i c a l  motion of a balloon i n  an  atmosphere a t  rest, 

2 dv Fa 1 
- = - - -  * * pcD A 9 

d t  m 2m 
(2.11) 

where C i s  the  drag c o e f f i c i e n t ,  and v i s  t h e  balloon’s v e r t i c a l  ve loc i ty .  D 
I n  Appendix C y  a so lu t ion  i s  obtained f o r  t h i s  equation t h a t  i s  

appl icable  t o  the  lower p a r t  of t he  atmosphere, where the  temperature 

v a r i e s  ad iaba t i ca l ly .  This so lu t ion  ind ica t e s  t h a t  t h e  balloon s tar ts  

with an i n i t i a l  acce le ra t ion  a 
* 

(equal t o  FB/m ), but w i th in  a vertical 
0 
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d i s t ance  of severa l  hundred meters i n  the  Martian atmosphere (i.e., 

a small f r a c t i o n  of a scale he ight )  t h i s  acce le ra t ion  decreases t o  a 

very small constant acce le ra t ion  equal t o  approximately 10 a Since 

t h i s  constant acce le ra t ion  is very small, t he  v e r t i c a l  ve loc i ty  is very 

near ly  constant,provided F remains constant.  A good f i r s t - o r d e r  

approximation t o  the  ve loc i ty  of a balloon r i s i n g  through t h e  lower 

atmosphere i s  the  terminal ve loc i ty  a r r ived  a t  by assuming a balance 

between t h e  buoyant and drag forces ,  

-3 
0’ 

B 

v=J- . (2.12) 

GENERAL BAUOON-PERFORMANCE EQUATIONS. AND THE CONCEPT OF 
BALLOON-SYSTEM EFFICIENCY 

Assuming a spher ica l  shape f o r  a l l  types of balloons (radius r ) ,  

a general  equation of the following form can be  wr i t t en :  

4 3  2 - n r  Cv - 4 m  
3 

CA - “p = 0. (2.13) 

It is  derived from the equation (2.2) expressing the  buoyant fo rce  on 

the  balloon. It groups together a l l  those terms t h a t  are proportional 

t o  the balloon’s volume in to  the  c o e f f i c i e n t  C and a l l  those terms 

t h a t  a r e  proportional t o  the  balloon’s sur face  a rea  in to  the  c o e f f i c i e n t  

CA; C contains f a c t o r s  r e f e r r i n g  t o  t h e  l i f t i n g  gas, the  density of t he  

a i r  a t  t h e  f l o a t i n g  or  burs t ing  a l t i t u d e ,  e t c . ;  CA includes the  mass pe r  

u n i t  of t h e  balloon f a b r i c .  

V’ 

V 

Because t h i s  equation is  cubic i n  r ,  it i s  somewhat troublesome t o  

work with,  and since it occurs f requent ly ,  a general  method was devised 

f o r  i t s  so lu t ion .  

Define the  parameter 5: 

p-3.- 
2 .  m + 4rr r CA 

P 

Then, rearranging, 

(2i14) 

2 

m + 4n r CA 

4 m  CA 

2 .  5 = 1 -  
P 

(2.15) 
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Eq. (2.13) may be regrouped 

2 4 3  
cV (m + 4 m  CA) = - nr 

3 P 

Solving Eqs. (2.15) and (2.16) f o r  r ,  w e  have 

3cA r =  
C V ( W  

(2.16) 

(2.17) 

Note t h a t  r(1-c) = 3C /C and s o  is independent of m . This i s  the  

radius  of a balloon t h a t  can j u s t  l i f t  i t s e l f ,  with m = 0. We w i l l  

r e f e r  t o  [r(l-c)] as t h e  "reduced radius." 

F ina l ly ,  from Eqs. (2.15) and (2 .17) ,  

A V' P 

P 

r 
b 

where 

v = -  3 .  
3 6 N A  

(2.18) 

(2.19) 

I n  Fig.  1 i s  a p lo t  of t h e  equation, 5 versus pm . 
C and C of Eq. (2 .13 ) ,  and therefore  the parameter p defined by 

Eq. (2.19), take s p e c i f i c  forms f o r  each balloon type (see Chapter V).  

The procedure f o r  ana lys i s  of a p a r t i c u l a r  balloon i s  therefore  

f i r s t  t o  c a l c u l a t e  C and C 

Chapter V;  next evaluate  p, according t o  Eq. (2.19). 

product (p,m ) the  parameter 5 i s  read from Fig.  1. 
P 

balloon radius  i s  then given by Eq. (2 .17) .  

surface area are also r ead i ly  computed using the  parameter 5 with 

C and Cv. 

The quan t i t i e s  
P 

A V 

following the equations given i n  A V 
Then from the  

The required 

The bal loon 's  volume and 

A 

(2.20) 

The parameter 5 i s  c lose ly  re la ted  t o  the  r a t i o  of m the payload 
P'  

mass, t o  T, the  t o t a l  mass l i f t e d  by the balloon (not including the 
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gas i n s i d e  the balloon 

balloon f a b r i c ,  then .g 
balloon types analyzed 

m 
9 . Z  

"r, 

2 envelope) . m 
= -Fi . m. 

I f  4nr CA = m,, , the mass of t h e  

This i s  the case f o r  most of t he  

he&. But i n  general we can w r i t e  

2 m + 4nr CA 
(2.21) 

so the  usefu l  r a t i o  m / is  readi ly  derived from 5 .  
P ?  

As s t a t e d  earlier,  t he  "payload" m as we use the  term, c o n s i s t s  
P '  

of t h e  complete package ca r r i ed  a l o f t  by the  balloon (but excluding the  

a c t u a l  balloon weight). I n  add i t ion  t o  the  instrument package, m a l s o  

includes o the r  equipment common t o  a l l  balloons.  

instrument payload as m' 

of the  form m 

proportional i n  mass t o  m' 

equation allows such r a t i o s  as m / 
r a the r  than m i f  des i red .  

P 

* P 
I f  we  symbolize the  

then i t  may be r e l a t e d  t o  m by an equation 
P Y  P 

= m' C + %, where (C m')  includes those i t e m s  t h a t  are 
P P m  m P  

and % represents  masses l e f t  over.  This 
P Y  

t o  be expressed i n  terms of m' 
P ?  P 

Since the  u l t imate  a i m  of a balloon system i s  t o  l i f t  a payload i n t o  

t h e  atmosphere, any evaluation of a balloon's performance must involve 

an estimate of i t s  e f f i c i ency  i n  accomplishirlg t h i s  task. We 

remarked t h a t  the  parameter 5 ,  defined above, i s  c lose ly  r e l a t e d  t o  t h e  

payload f r a c t i o n  of t he  t o t a l  load l i f t e d ,  m / 
the  " i n t r i n s i c  efficiency" of a balloon. However, s ince  t h i s  repor t  

i s  concerned with balloon operations on a d i s t a n t  p l ane t ,  it i s  

obvious t h a t  f o r  comparison of t o t a l  systems we must take i n t o  account 

t he  t o t a l  mass and volume t h a t  must be t ranspor ted  from Earth. 

t h e  r a t i o s  of most i n t e r e s t  are the  " t o t a l  mass efficiency: m / 

which we call  
P zy 

Accordingly, 

and 
P 9' 

* 
This common equipment includes a nylon load l i n e  whose s t r eng th  is 

commensurate with the  load t o  be c a r r i e d ,  toge ther  with various hooks , 
f a s t e n e r s ,  and linkages t h a t  permit the  package t o  be a t tached  t o  t h e  
l i ne .  
payload t o  the  ground, and i n  the case of superpressure balloons, a 
simple diaphragm pressure- re l ie f  valve. 
equipment j u s t  enumerated does not amount t o  more than 1VL of the  t o t a l  
payload. 

I n  add i t ion  one might a l s o  include a parachute t o  lower t h e  

I n  genera l ,  a l l  of t h e  add i t iona l  
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the " t o t a l  volumetric e f f ic iency ,"  V /V 

the  mass and volume of t h e  payload, while % and V 

and volume of t h e  t o t a l  balloon system loaded aboard the  spacecraf t  

a t  t he  t i m e  of launch (including the  payload, the  balloon, the  gas ,  

and gas-generation equipment , launching apparatus , etc.)  . 

The quan t i t i e s  mp,  Vp are 
P T' 

are the  m a s s  T 

Usually the  system of least mass i s  a l s o  the  smallest, as 

measured by the  r a t i o  V /V although not necessar i ly  always. The 
P T '  

vP , t o t a l  volume of t he  balloon system, VT, i s  made up of the  payload volume, 

t he  volume of the  packed balloon, Vp,  the  volume of the  gas-transport  

system, V and t h e  volume of a u x i l i a r y  equipment - launching apparatus,  

b racke ts ,  housing, etc. For a n a l y s i s ,  it w i l l  usua l ly  be necessary 

t o  adopt a nominal value f o r  t h e  mean payload dens i ty  (1.0, f o r  example) 

t o  relate V t o  m . 
A,,/fp, where A,, i s  the  ba l loon ' s  sur face  area, and f 

fraction." 

t ,  

The volume of t h e  packed balloon, Vp i s  simply 
P P 

i s  the  "packing P 
The volume of the gas-transport  system w i l l  be evaluated 

using the  r a t i o  V /m which i s  computed f o r  various gas-transport 
t g' 

systems i n  Appendix B. 

Besides the  t o t a l  e f f i c i e n c i e s ,  a number of r a t i o s  are important 

i n  determining the  ba l loon ' s  performance. 

characterized by the  r a t i o  of t he  t o t a l  mass a l o f t  (excluding the gas ) ,  

m t o  the  ba l loon ' s  gross mass ( i .e . ,  % plus t h e  mass of t h e  gas ) .  

This r a t i o ,  %/m w i l l  be c a l l e d  the " l i f t i n g  e f f ic iency"  of t he  gas.  

The l i f t i n g  gas can be 

L, 

The r a t i o  m / t h e  l ' i n t r in s i c  e f f ic iency ,"  has  been previously 
P 2, 

described. 

has a mass e f f i c i ency  (the "gas-transport efficiency") m /m where 

m 

i n  f i l l i n g  t h e  balloon (see Appendix B ) .  

r a t i o s  necessa r i ly  l i e  i n  the  range 0-1. 

F i n a l l y  t h e  gas-transport  system, i f  a buoyant gas is used, 

g t '  
i s  the  mass of the  t r anspor t  system including the  gas a c t u a l l y  used t 

All of these  e f f i c i ency  

A summary of t h e  e f f i c i ency  r a t i o s  used i n  t h i s  r epor t  i s  presented 

i n  Table 1. 
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Ratio 

Table 1 

EFFICIENCY RATIOS 

Meaning Name 

'pIVT 

(payload mass) / (mass of 
t o t a l  balloon system) 

(mass c a r r i e d  a l o f t ) / ( g r o s s  
maSS--~4-Ulg) 

(payload mass)/(mass c a r r i e d  
a l o f t )  

(mass of buoyant gas) / (mass 
of gas t r anspor t  system) 

(payload volume) / (vo lume 
t o  t a  1 ba 1 loon s y s t em) 

" t o t a l  mass e f f ic iency"  

" l i f t i n g  e f f i c i ency  of 
t h e  gas" 

" i n t r i n s i c  efficiency" 

"gas t r anspor t  e f f ic iency"  

' I t  o ta 1 vol m e t r i c  
e f f ic iency"  

Since t h e  t o t a l  balloon system comprises many items t h a t  a r e  not 

quan t i t a t ive ly  t r e a t e d  i n  t h i s  r epor t  (e.g. , t h e  launching subsystem) 

i t  w i l l  no t  be completely poss ib le  t o  eva lua te  

This deficiency should not prevent ranking a l t e r n a t i v e  systems 

according t o  t h e i r  ca l cu la t ed  e f f i c i e n c i e s ,  but i t  obviously influences 

the  f i n a l  conclusions (Chapter V I I I ) ,  which purport  t o  estimate how 

much mass and volume must be committed aboard the  spacecraf t  i n  order 

t o  put a given payload a l o f t  i n  the  Mars atmosphere. Therefore, f o r  

numerical computations, 9 and V w i l l  f i r s t  be computed as the  sums 

of mass and volume f o r  payload, balloon, and gas-transport  subsystems, 

then both t o t a l s  w i l l  be mul t ip l ied  by a f a c t o r  F t o  allow f o r  "extras." 

(We adopt t he  conventional value F = 2.0 f o r  numerical examples.) 

and V quan t i t a t ive ly .  T 

T 

I n  summary then, i n  t h i s  s ec t ion  w e  have attempted t o  provide 

an  in t roduct ion  t o  the  theory of balloons-why they rise and f l o a t  i n  

an  atmosphere and what forces  a f f e c t  them. Details of thermal e f f e c t s  

and the dynamics of a r i s i n g  balloon are t r ea t ed  i n  Appendixes A and 

C.  I n  add i t ion ,  w e  have derived a set  of equations t h a t  express the  

general c a p a b i l i t i e s  f o r  performance of any balloon, and introduced 

the  concept of t o t a l  balloon system e f f i c i ency .  I n  a la ter  chapter ,  
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w e  s h a l l  examine the  various types of balloons i n  d e t a i l  with respect  

t o  t h e i r  s p e c i f i c  funct ions i n  performing severa l  kinds of missions 

i n  the  Martian atmosphere. 

REFERENCES FOR CHAPTER I1 

2 .1  

2.2 

2.3 

Sinton,  W. M . ,  "Further Evidence of Vegetation on Mars , I '  

Science, Vol. 130, 1959, pp. 1234-1237. 

Archimedes, et&,pttr) ~-~~tr)pocpop& (215 B. C.) . 3 0  

Lamb, S i r  Horace, Hydrodynamics, Dover Publ ica t ions ,  New York, 
1945. 



- 21- 

111. MARS' ATMOSPHERE 

Before considering balloon systems it is important t o  discuss 

the  medium i n  which they w i l l  opera te  - i n  t h e  present app l i ca t ion ,  

the  atmosphere of Mars. Although very l i t t l e  i s  known d i r e c t l y ,  

c e r t a i n  reasonable l i m i t s  can be placed on i t s  composition, and i t s  * 
v a r i a t i o n  of pressure ,  dens i ty ,  and temperature with a l t i t u d e .  

The purpose of the present repor t  i s  t o  show the  f e a s i b i l i t y  of 

balloon operations on t h e  p l ane t ,  not t o  design an  a c t u a l  balloon 

system. 

atmosphere are annoying, we can s t i l l  present r e s u l t s  i n  a parameterized 

way t o  p e r m i t  a s p e c i f i c  design when b e t t e r  information becomes ava i lab le .  

We can a l s o  demonstrate f e a s i b i l i t y  by ind ica t ing  how the  extreme 

l i m i t s ,  as present ly  set ,  would a f f e c t  balloon operation. 

Therefore, although the  present unce r t a in t i e s  about Mars' 

Since it is unl ike ly  t h a t  a balloon system w i l l  be sen t  on the  

- f i r s t  capsule t o  e n t e r  t h e  Martian atmosphere, we may hope t h a t  

reasonably accurate information about the atmosphere w i l l  be ava i l ab le  

t o  the  balloon designer before he has completed h i s  f i n a l  plans. It 

would be poss ib le  t o  design the  system t o  have a reasonable p robab i l i t y  

of working even with t h e  present unce r t a in t i e s ,  but only a t  a considerable 

s a c r i f i c e  i n  e f f i c i ency  . 
COMPOSITION 

The only gas t h a t  has been 

is  C02. According t o  Grandjean 

1952 r e s u l t s ,  t he  concentration 

volume . (3*3)  There i s  probably 

d e f i n i t e l y  de tec ted  i n  Mars' atmosphere 

and Goody's i n t e r p r e t a t i o n  of Kuiper's 

of CO 

radiogenic argon; although there  i s  no 

i s  between 1 and 7 per cent by 2 

* 
Author i ta t ive  reviews of cur ren t  knowledge of t he  Mars atmosphere 

are given i n  Refs. 3.1 and 3 .2 .  
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(3 - 4 )  d i r e c t  evidence, most of t h e  atmosphere i s  believed t o  be nitrogen. 

On this assumption we w i l l  adopt 29 as the  mean molecular w e i g h t  of 

Mars' atmospheric gases. 
* 

It i s  known t h a t  oxygen i s  no more than a minor cons t i tuent  of 

Mars' atmosphere. 

the  recombination of monatomic oxygen undoubtedly creates a trace of 

02, some of which may, i n  turn ,  be converted i n t o  ozone. 

although n e i t h e r  gas has been detected on Mars, we assume a trace of 

oxygen, and we d i scuss  the  in jur ious  e f f e c t s  of ozone i n  the  chapter 

on balloon f a b r i c s  (Chapter V I ) .  

determinations by Dollfus (3*6) and Spinrad, e t  a l . ,  (3*7) d i f f e r  by a 

f a c t o r  of more than 20, but even taking Dollfus '  value,  200 microns depth 

of p rec ip i t ab le  water vapor above the  ground, Mars' atmosphere i s  

exceedingly dry by terrestrial  standards. 

atmosphere e s s e n t i a l l y  lacks water vapor f o r  t he  purposes of t he  

present repor t .  

The photodissociation of carbon dioxide,  followed by 

Consequently, 

Mars' atmosphere is  a l s o  de f i c i en t  i n  water vapor. Recent 

W e  w i l l  assume t h a t  the  

TEMPERATURE 
0 The mean equa to r i a l  ground temperature on Mars is  about 230 K, 

o (3.8) although t h e  d iu rna l  temperature change may w e l l  be about 100 C. 

The minimum ground temperature a t  n ight  may be as low as 200 K ,  while 

t he  maximum during t h e  day i n  the  equa to r i a l  regions i s  about 300 K. 

The atmosphere near t he  ground w i l l  undergo somewhat smaller va r i a t ions  

of d iu rna l  temperature; a t  a n  unknown a l t i t u d e  (probably not  over several 

kilometers above the  ground) the  atmosphere w i l l  remain a t  approximately 

the  same temperature day and Above t h i s  a l t i t u d e  i t s  

temperature decreases t o  t h e  tropopause, which may be a t  a l o w  a l t i t u d e  on 

0 

0 

* 
A very recent i n t e r p r e t a t i o n  of near i n f r a red  CO high-dispersion 

absorption spectra by suggests t h a t  t he  Mars atmosphere may 
be much th inner  than previously thought and may cons i s t  p r imar i ly  of C02 
and A. 
about 42. 

2 

I f  t h i s  i s  t h e  case , the  mean molecular w e i g h t  would be 
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Mars (several  kilometers above the surface).  Above t h e  tropopause 

the re  may o r  may not be a w e l l  defined %esosphereY1l a s  on Ear th .  

Since the re  i s  no d i r e c t  information on the  temperature d i s t r i b u t i o n  

i n  the  Martian atmosphere, ca l cu la t ions  must r e l y  (a) on analogy with 

the  e a r t h ' s  atmosphere, (b) on s e t t i n g  "reasonable l i m i t s , "  o r  

(c) on d e t a i l e d  ca l cu la t ions  based on t h e o r e t i c a l  study of t h e  

r a d i a t i v e ,  convective, and conductive t r anspor t  of hea t  v e r t i c a l l y .  

(3.10) 
, 

Conclusions drawn by analogy wi th  Ea r th ' s  atmosphere may w e l l  

be misleading. Mesospheric hea t ing  on Earth arises from the  

absorption of s o l a r  r a d i a t i o n  by ozone. Although there  may be a 

trace of ozone i n  the  Martian atmosphere, t he re  i s  considerable 

disagreement about how it i s  d i s t r i b u t e d  v e r t i c a l l y .  (3 lo )  

i n  t h e  lower atmosphere, r a d i a t i v e  hea t  t r a n s f e r  occurs i n  the  inf ra red  

absorption bands of CO which is  present i n  much l a rge r  q u a n t i t i e s  

on Mars than i n  Ear th ' s  atmosphere; whereas water vapor, by f a r  the  

most important absorber of I R  i n  t h e  e a r t h ' s  atmosphere, i s  so 

d e f i c i e n t  on Mars t h a t  it i s  ine f fec t ive .  Thus, t he  value of an  

analogy between the  temperature s t ruc tu res  of Mars and Ear th ' s  

atmospheres seems dubious a t  the  present t i m e .  

Moreover , 

2' 

An e n t i r e l y  f e a s i b l e  approach, however, i s  t o  set l i m i t s  with a 

reasonable hope t h a t  atmospheric parameters w i l l  f a l l  between them, 

as S c h i l l i n g  d id .  (3*9) 

200-250 K temperature f o r  t he  atmosphere near t he  surface; t he  

atmosphere where "high-altitude" balloons would operate was assumed 

t o  be a t  180°K. 

I n  the  present r e p o r t ,  w e  have assumed a 
0 

DENS ITY 
-5 We have chosen t h e  values 1 x 10 gm/cm3 f o r  "high-altitude" 

-5 3 -5 3 balloon f l i g h t s ,  5 x 10 g m / c m  f o r  llmiddle-altitude,ll and 8 x 10 gm/cm 

f o r  lllow-altitudell balloon f l i g h t s  i n  t h i s  r e p o r t .  The question is: 

To what a l t i t u d e s  do these  d e n s i t i e s  correspond on Mars? 

t o  S c h i l l i n g ' s  Model I1 estimates , t h e  l lhigh-alt i tudelt  value i s  between 

29 and 57 km, t he  ltmiddle-altitudell value between 7 and 25 km, and the  

lllow-altitudell value 15 km o r  less. Once t h e  temperature d i s t r i b u t i o n  

has  been assumed along with density o r  pressure a t  the  sur face ,  

According 
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ca lcu la t ion  of t he  v a r i a t i o n  of dens i ty  with a l t i t u d e  i s  a s t r a i g h t -  

forward in t eg ra t ion .  I n  the  lower atmosphere, t he  pressure uncer ta in ty  

is  more important, while in  t h e  upper atmosphere it is dominated by 

the  temperature uncer ta in ty .  

RADIATION ENVIRONMENT 

The s o l a r  cons tan t  ou ts ide  Mars' atmosphere varies between about 
- 2  -1 0.7 and 1.1 c a l  c m  min during t h e  Martian year.  The high haze 

l aye r s  i n  Mars I atmosphere w i l l  diminish t h i s  value somewhat. (3.11) 
-1 We w i l l  use a s  t h e  value a t  t h e  sur face  0.6-0.8 cal  cm-2 min 

(0.01-0.013 c a l  c m W 2  sec -1 ) f o r  convenience. 

The r a d i a t i o n  environment of a f l o a t i n g  balloon i s  changed 

markedly i f  a cloud passes overhead, i f  dus t  is  r a i s e d  on the  sur face  

under i t ,  or  i f  t h e  atmosphere i n  which it  i s  f l o a t i n g  f i l l s  with 

dus t .  The r a d i a t i v e  temperature of a dust  cloud i s  appreciably 

lower than the  sur face  , 
storms a r e  frequent on Mars. Since the  balloon's temperature depends 

t o  some exten t  on the  f a r - in f r a red  r a d i a t i o n  i t  rece ives  from t h e  

ground, such a dus t  storm would a c t  t o  lower the  balloon temperature 

by reducing the  ground r a d i a t i o n  it  received. 

t h e  balloon were t o  become f i l l e d  with dus t ,  much of the  sunl ight  would 

be c u t  off a s  w e l l .  

be water clouds (3 e 4 )  are rare occurrences. 

an important cons idera t ion  s ince  dust (3.12) 

I f  t he  a i r  around 

High-alt i tude white clouds (usually assumed t o  

Since t h e  poss ib le  sh ie ld ing  e f f e c t s  of high haze and t h e  

quant i ty  of oxygen and ozone are unknown, t h e  f l u x  of W reaching 

Mars' sur face  i s  unknown, and may be considerable.  A discuss ion  of 

t h e  consequences of  i n t ense  W i n  t h e  lower atmosphere of Mars i s ,  

therefore ,  included i n  Chapter V I .  

WINDS AND TOPOGRAPHY 

Observations of cloud movements have given some information about 

wind conditions on Mars. 

50 t o  90 km/hr have been reported.  

is believed t o  be 10 km/hr. (3 0 4 )  Theoretical  ca l cu la t ions  lead 

Mintz t o  specula te  t h a t  i n  t h e  summer hemisphere the  general c i r c u l a t i o n  

Large-scale motions of dus t  clouds of  

A t yp ica l  nonstorm wind ve loc i ty  
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may be i n  a s t a b l e  regime, whereas during winter t h e  c i r c u l a t i o n  may 

break up i n t o  waves t h a t  would lead t o  storm systems. 

By analogy with a high a r i d  p la teau  on Ear th ,  S c h i l l i n g  poin ts  

On out  t h a t  t he re  may be s t rong  l o c a l  winds a t  sunset and sunr i se .  

a small scale, analogy wi th  d e s e r t  regions on Earth suggests t h a t  

small-scale gus ts  and "dust devi l s"  may be common. 

In considering launching methods w e  have given some note t o  

the  problem presented by winds - both steady winds and gus ts .  

Observation ind ica t e s  t h a t  by Earth standards Mars i s  r e l a t i v e l y  

f l a t .  De Vaucouleurs states t h a t  t h e r e  are probably no high mountains 

on t h e  p lane t .  Nothing i s  known of the  small-scale topography, but 

considering the  smoothing a c t i o n  of t h e  frequent dus t  storms, i t  is  

probable t h a t  t h e  sur face  is  primarily gently r o l l i n g  t e r r a i n .  However, 

i n  order t o  allow f o r  t he  p o s s i b i l i t y  of rough topography, the  problem 

of g e t t i n g  of f  t h e  ground r ap id ly  enough to  be reasonably sure  of 

avoiding obs t ac l e s  i s  discussed i n  Appendix C .  
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ASSUMED MARTIAN ATMOSPHERIC CHARACTERISTICS: SUMMARY 

1. Composition (mean molecular weight: 29) 

2 o 1-7 per c e n t  CO 1-6 per cen t  A, remainder N 

o t r a c e  amounts of 0 and H 0 

o p o s s i b i l i t y  of a trace of 0 

2' 

2 2 

3 
2 .  Temperature atmosphere and ground 

o ground: 230°K mean 

o atmosphere near t h e  ground: 200-250°K (equator ia l  

o "high a l t i t u d e s " :  180 K ( invers ions  may occur) 

and mid- la t i tudes)  
0 

3. Density of atmosphere 
3 

3 

3 

0 "low" atmosphere 8 x gm/cm (0 km--15 km) 

0 "middle" atmosphere 5 x l om5  gm/cm (7  km-25 km) 
o 'Ihigh" atmosphere 1 x gm/cm (29 km-57 km) 

4 .  Radiat ion environment 
- 2  -1 

0 s o l a r  cons tan t :  0.01-0.013 c a l  c m  sec (at  sur face)  

o low dus t  clouds f a i r l y  common 

o p o s s i b i l i t y  of i n t ense  u l t r a v i o l e t  r a d i a t i o n  
i n  lower atmosphere 

5 .  Winds 

0 nonstorm: 10 km/hr 

0 storm: 50-90 h / h r  

o f requent  occurrence of s t rong  l o c a l  tu rbulence  

6.  Topography 

o no high mountains 

o mostly gen t ly  r o l l i n g  t e r r a i n  
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I V .  THE CHOICE OF BUOYANT GAS 

The probable c h a r a c t e r i s t i c s  of t h e  gaseous medium t h a t  w i l l  

surround and support a balloon sen t  t o  Mars were reviewed i n  t h e  chapter 

preceding. Before w e  look a t  balloons themselves, it i s  important t o  

examine t h e  gases t h a t  can be used t o  buoy a balloon, s ince  the  

performance of a buoyant-gas balloon i s  markedly a f f ec t ed  by 

t h e  choice of gas .  Of t h e  f a c t o r s  r e l evan t  t o  the  choice of gas, 

w e  select those w e  have found t o  be s i g n i f i c a n t  f o r  discussion i n  

t h i s  chapter.  

A s  i s  demonstrated i n  Chapter 11, a balloon's l i f t  i s  governed 

by t h e  d i f f e rence  between t h e  d e n s i t i e s  of t he  gas in s ide  and t h e  a i r  

ou ts ide ;  t h i s  dens i ty  r a t i o  depends primarily on the  molecular 

weight of t h e  gas.  

It gives t h e i r  molecular weights; f3 the  dens i ty  r a t i o  of ou ts ide  a i r  0' 
t o  balloon gas f o r  equal temperatures; and " l i f t i n g  e f f ic iency ,"  

t / m .  Besides these  q u a n t i t i e s ,  w e  must consider t he  weight and 

volume pena l t i e s  incurred i n  t r anspor t ing  each gas from Earth.  

Methods f o r  t r anspor t ing  poss ib le  balloon gases are analyzed i n  

Appendix B.  I n  t h i s  chapter,  var ious  gases are discussed, and the  

q u a l i t a t i v e  r e s u l t s  of the  ana lys i s  of gas t r anspor t  are given. 

Table 2 cha rac t e r i zes  a number of l i g h t  gases.  

FOUR BUOYANT GASES 

Hvdr oven 

Hydrogen is  by f a r  the  gas most favorable f o r  balloon performance. 

It could be t ranspor ted  t o  Mars as a gas under high pressure,  as 

l i qu id  i n  a cryogenic system, o r  bound i n  a chemical compound, which 

is  decomposed when hydrogen i s  needed. Analysis of these  t h r e e  

methods (Appendix B) shows that high-pressure gas t r anspor t  i s  

genera l ly  i n f e r i o r  in  e f f i c i ency  t o  the  o the r s  although it i s  considerably 
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Table 2 

CHARACTERISTICS OF BALLOON GASES 

G a s  

hydrogen 

helium 

de composed 
ammonia 

methane 

amxnonia 

hot air  

Formula 

H 2  

H e  

1 
G ( N 2 f 3 H 2 >  

CH4 

NH3 

M 
g - 

2 . 0  

4 . 0  

8 .5  

16.0 

17.0 

29.0 

14.5 

7 . 2 5  

3.41 

1.81 

1 . 7 1  

1. o(=) 

- 

0 . 9 2  

0 .84  

0.66 

0 .36  

0 . 3 2  

<O. 17 

(a) Bo = Ma/M t h e  dens i ty  r a t i o  of air t o  gas 
g' 

assuming equal  temperature. 

1 - h / 2  
(b) - - --  , where Bo * = Po(- ) = 0 . 8 6 8  fo r  h = 0.1. 

"L sg1 
m 8; l+h 

0 

T '  
T ( c )  The dens i ty  r a t i o  f o r  a h o t - a i r  ba l loon  i s  - ; a 

reasonable  range i n  T' gives a dens i ty  r a t i o  up t o  

about 1 . 4 .  
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s imple r .  For r e l a t i v e l y  small quan t i t i e s  of gas, chemical gasogenes 

appear most e f f i c i e n t  and convenient. For l a rge r  q u a n t i t i e s ,  i n  the 

kilogram range, cryogenic t ranspor t  of l i qu id  hydrogen becomes p rac t i ca l .  

A l l  of these methods requi re  developmental research,  a s  is discussed 

i n  Appendix B. 

Under the assumption t h a t  methods such a s  those j u s t  mentioned 

can b e  s a t i s f a c t o r i l y  developed, hydrogen appears to be the  b e s t  

choice of gas f o r  the Mars balloon. I n  c e r t a i n  systems f o r  Mars 

explorat ion,  l i qu id  hydrogen may b e  t ransported t o  the planet  fo r  

use a s  f u e l .  I n  such a system, hydrogen might be e s s e n t i a l l y  "free" 

f o r  balloon f i l l i n g .  It should be  noted t h a t  t he  drawback t o  the  

use of hydrogen i n  balloons on Earth,  i t s  explosive reac t ion  with 

atmospheric oxygen, is  not an important considerat ion f o r  Mars. 

Helium 

Helium can be t ransported t o  Mars p r a c t i c a l l y  only a s  a gas under 

high pressure.  However, ana lys i s  ind ica tes  t h a t  a balloon system using 

helium transported in pressure tanks would be i n f e r i o r  i n  e f f ic iency  

to  the more favorable hydrogen systems discussed above. 

Ammonia 

Of a l l  the gases considered, ammonia i s  the  e a s i e s t  t o  t ranspor t  

because it l i q u i f i e s  a t  room temperature under pressure.  

of the  gas is ,  therefore ,  very e f f i c i e n t .  But, i n  our assumed Martian 

atmosphere, t h i s  advantage is outweighed by i ts  very low ef f ic iency  

i n  providing l i f t  because of i t s  r e l a t i v e l y  high molecular weight. 

Another se r ious  drawback i s  t h a t  temperatures i n  Mars' atmosphere may 

be so  low t h a t  the  condensation point of ammonia i s  approached. 

Transport 

Decomposed ammonia. Ammonia can be decomposed in to  3 par t s  hydrogen, 

1 pa r t  n i t rogen  (by volume) by c a t a l y s i s  a t  high temperature. The 

r e s u l t i n g  mixture has  been successful ly  used a s  a balloon gas on Earth,  

and might f ind  s imi l a r  app l i ca t ion  on Mars. The advantage of ammonia's 

ease of t r anspor t  i s  re ta ined ,  while the r e s u l t i n g  mixture of gases 

has  ha l f  the  mean molecular weight o f  ammonia and w i l l  not condense. 

Taking i n t o  account the  e n t i r e  system, including a heat  source 

f o r  the  c a t a l y s t ,  t h e  r e s u l t i n g  balloon system appears i n f e r i o r  t o  
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the  hydrogen systems already described. However, t he  use of decomposed 

ammonia is  undoubtedly worth inves t iga t ing  i n  nore d e t a i l  than i s  

possible  here .  The mixture of gases is  considerably less e f f i c i e n t  

than hydrogen as a balloon gas, but t h e  r e l a t i v e  ease of t ranspor t  

and s impl ic i ty  of the  whole system m i g h t  combine t o  make it appear 

favogable upon fu r the r  study. 

Methane 

Methane i s  a l s o  r e l a t i v e l y  easy t o  t ranspor t  as a l i qu id ,  but it 

i s  considerably i n f e r i o r  i n  t o t a l  e f f ic iency  t o  hydrogen a s  a balloon 

gas. 

HOT AIR 

The ho t - a i r  balloon requi res  spec ia l  treatment and i s  discussed 

i n  some d e t a i l  i n  Chapter V.  Although a i r  ( t ha t  is  t o  say, Martian 

a i r )  is ava i l ab le  on the planet  i n  any desired quant i ty ,  the  means t o  

hea t  it may have t o  be c a r r i e d  from Earth.  

system, we then have a hea ter ,  fue l ,  and oxidizer .  One a t t r a c t i v e  

p o s s i b i l i t y ,  the use of s o l a r  power t o  hea t  the  a i r ,  a l s o  is  discussed 

i n  Chapter V.  

In  place of a gas- t ransport  

GENERAL REMARK 

For the numerical examples i n  the remainder of the present r epor t ,  

w e  w i l l  assume t h a t  hydrogen i s  used; t h a t  i t  i s  t ransported t o  the  

planet  a s  a chemical gasogene fo r  small quan t i t i e s ,  and a s  a l i qu id  

f o r  la rger  amounts. 
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V .  BALLOON TYPES 

Balloons may be  c lassed  i n  four ca tegor ies :  ex tens ib le ,  superpressure 

equal-pressure, and ho t - a i r  balloons.  Although t h e  l a s t  t h ree  might 

l og ica l ly  be c lassed  a s  nonextensible balloons,  and the  hot -a i r  type a s  

a spec ia l  case of t h e  equal-pressure nonextensible balloon, t he  l imi ta -  

t i o n s  and advantages of t he  four types d i f f e r  g r e a t l y  enough t o  deserve 

spec ia l  treatment.  

A s  was pointed out i n  Chapter 11, balloons have a va r i e ty  of poten- 

t i a l  uszs i n  Martian explora t ion ;  t h e  d i f f e r e n t  types do no t ,  i n  general ,  

compete; each is  su i t ed  fo r  a p a r t i c u l a r  mission. The ex tens ib le  bal-  

loon is  used f o r  vertic?.l  soundings; t h e  superpressure balloon provides a 

f l o a t i n g  platform f o r  experiments t h a t  r equ i r e  a long duration a l o f t ;  t h e  

equal-pressure balloon t r anspor t s  heavy peyloads; and the  ho t - a i r  balloon 

might f ind  a similar use,  i f  c e r t a i n  technica l  problems can be solved. 

T h e  E x t e n s i b l e  B a l l o o n  

One p a r t i c u l a r  type of balloon is  t h a t  formed from an  ex tens ib le ,  o r  

s t r e t chab le ,  ma te r i a l .  Such a bal?oon is i n f l a t e d  with a given mass of 

gas,  i s  sea led ,  and i s  allowed t o  r ise,  with i t s  volume increasing continu- 

ously,  u n t i l  it bur s t s .  The e q u a t i m s  of motion of such a balloon i n  a 

s t i l l  atmosphere a r e  e s s e n t i a l l y  those derived i n  Chapter 11. I n  perform- 

ance, t h e  ex tens ib le  balloon d i f f e r s  from t h e  nonextensibles i n  having no 

a l t i t u d e  of buoyant equilibrium. I n  function, i t s  major pecu l i a r i t y  i s  

the  inherent d i f f e r e n t i a l  pressure produced by t h e  tens ion  of t h e  s t re tched  

mater ia l  0-  normally from the  t i m e  it begins t o  rise. 

Considering t h e  depth of Ea r th ' s  atmosphere and the  a l t i t u d e  t o  which 

ex tens ib l e  balloons r ise before burs t ing ,  the  pressure d i f f e r e n t i a l  never 

becomes a s i g n i f i c a n t  f r a c t i o n  of t he  ambient pressure;  so i t  may be ne- 

g lec ted  when computing volume changes. 

er be t r u e .  

t he  balloon has r i s e n  t o  an  a l t i t u d e  where t h e  atmospheric pressure is  two 

On Mars, however, t h i s  w i l l  no long- 

The thinness of Mars' atmosphere d i c t a t e s  t h a t ,  by the  t i m e  



-33- 

orders  of magnitude less than t h e  sur face  pressure,  t h e  d i f f e r e n t i a l  

pressure across  t h e  balloon mater ia l  i s  of the  same order of magnitude 

a s  t h e  ambient pressure.  When t h i s  is so, any consideration of volume 

change -- and hence, burs t ing  a l t i t u d e  -- must take t h i s  pressure 

d i f f e r e n t i a l  i n t o  account. I n  t h i s  s ec t ion ,  then, w i l l  be considered 

the  case of an ex tens ib l e  balloon r i s i n g  i n  a t h i n  atmosphere, as w e l l  

as the  r e l a t ionsh ips  among the  mass of the  payload, t he  bu r s t ing  

a l t i t u d e ,  the  radius of the  completely uninf la ted  balloon, and the  

radius of t he  balloon a t  the  moment of leaving t h e  ground. 

The mass of the  gas i n  a balloon a t  t he  i n s t a n t  before i t  bu r s t s  

i s  given by 

where Vb i s  the  f i n a l  volume of the  balloon, and the  subscr ip t  f r e f e r s  

t o  the  f i n a l  value of t he  parameter a t  the i n s t a n t  the  balloon 

bu r s t s .  The f i n a l  pressure ins ide  the  balloon i s  

where Ap i s  the  pressure d i f f e r e n t i a l  across  the  balloon material. 

Using the  pe r fec t  gas l a w ,  the  equation expressing the  f i n a l  

dens i ty  ins ide  the  balloon is 

MaT; 1 Pf J 

Now, s u b s t i t u t i n g  Eq. (5.3) i n t o  Eq. (5.1) and l e t t i n g  

T;/Tf = A ,  and Ma/M = go, w e  f ind  t h a t  Eq. (5.1) becomes 
g 

m = -  Pf Vb[l +"'I . 
Pf 

g BOA 
(5 04) 

The mass of the  gas with which t h e  balloon was o r i g i n a l l y  i n f l a t e d  t o  
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* 
produce a s p e c i f i c  ?, i s  given by Eq. (2.8) i n  Chapter 11, as 

4 L m =  
g "  $0  - 1 

I n  t h i s  case, we assume t h a t  a t  the  ground T '  = T ,  and hence f3 = 8,. 
Since the  balloon i s  sea led  a t  the  ground, w e  may set  the  m from 

Eq. (5 .4 )  equal t o  the  m from Eq. (5 .5)  and so lve  f o r  m t he  mass 

of the  payload. Using t h e  r e l a t i o n  m = m + 4nr t p 

g 

P Y  2 g 
L P  f f b ,  

where r i s  the  f i n a l  balloon rad ius ,  t i s  the  thickness of t he  

f a b r i c  a t  the  t i m e  i t  b u r s t s ,  and p b  i s  the  dens i ty  of t h e  f ab r i c .  

The d i f f e r e n t i a l  pressure across the  f a b r i c  has been s tudied  by 

V & S ~ ~ ~ , ( ~ ' ~ )  who found it  t o  be given by 

** f f 

U 
2 t  

Ap = -  p ,  
r 

U 

(5.7) 

* 
To take  i n t o  account t he  pressure d i f f e r e n t i a l  a t  the  launching 

l e v e l ,  t he  equation f o r  the  mass of the  gas should a c t u a l l y  be 

however, a t  the  su r face ,  Ap /p <<1; hence, we  can assume t h a t  t h e  mass 

of t he  gas f o r  a n  ex tens ib l e  balloon is  given by Eq. (2.8). 
0 0  

* 
7w Po - 1 

I n  Eq. (5.6) no te  t h a t  = 0.86 (%/M)for A =  0.1 (See Table 2) .  

f30 
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where t is  the  unstretched thickness of t he  f a b r i c ,  r i s  the  radius 

of t h e  unstretched (uninflated) balloon, and P ,  a c h a r a c t e r i s t i c  of 

t he  f a b r i c ,  i s  dependent on the  r a t i o  q of t h e  radius of t he  s t r e t ched  

balloon (at a given a l t i t u d e )  t o  i t s  unstretched radius.  

pressed i n  atmospheres, Ap is  given i n  atmospheres. Although P varies 

as a func t ion  of t he  f a b r i c ,  i t s  value rises generally t o  a maximum 

of about 3 a t m  when the  balloon f i r s t  starts t o  s t r e t c h ,  and, depending 

on t h e  f a b r i c ,  drops t o  a minimum of about 1 a t m  when q i s  between 

3 and 6. 

U U 

With P ex- 

Since the  mass of t h e  f a b r i c ,  as w e l l  as i t s  dens i ty ,  i s  constant 

as t h e  balloon expands, i t  is poss ib le  t o  e s t a b l i s h  the i d e n t i t y ,  

2 2 r t  = r t  u u  f f '  
o r  

2 'f = (qf) tf , f o r  q = -  . 
r f 

U 

Equation (5.7) becomes, then, 

P '  
Subs t i t u t ing  i n  Eq. (5.6), we have then, f o r  m 

an expression i n  terms of the  ba l loon ' s  unstretched rad ius ,  t he  f i n a l  

thickness of t he  material, t h e  c h a r a c t e r i s t i c s  of the  f a b r i c ,  t h e  type 

of gas used, and the  b u r s t  a l t i t u d e .  

design f o r  a given payload, o r  v e r t i c a l  range, o r  both. 

Equation (5.8) permits balloon 

Equation (5.8) may be used t o  examine the  a b i l i t y  of an  ex tens ib le  
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balloon t o  ca r ry  a s p e c i f i c  payload t o  a s p e c i f i c  a l t i t u d e  on Mars. 

To do so, however, it i s  necessary t o  make c e r t a i n  assumptions re- 

garding the  values of t he  o the r  parameters i n  t h i s  equation. 

It has been found empirically t h a t  t he  thickness of an  ex tens ib le -  

balloon f a b r i c  a t  t h e  i n s t a n t  of b u r s t ,  tf , i s  between 0.5 x 

and lom3 cm,  depending on the  f a b r i c  used (rubber o r  neoprene; see 

Chapter VI). W e  s h a l l  assume t h a t  tf i s  cm. Again, from Appendix 

C ,  we w i l l  adopt a value of X on Mars equal t o  0.1. I n  Chapter V I ,  

it i s  shown t h a t ,  f o r  ex tens ib le  f ab r i c s  t h a t  have been used i n  the  

p a s t  , considering t h e i r  "elongat ion-to-break , I '  i t  is  t h e o r e t i c a l l y  

poss ib le  t o  achieve a qf of approximately 6 .  

conservative choice,  it w i l l  be assumed here  t h a t  qf = 6 subiec t  t o  

the  temperature l imi t a t ions  of t he  materials. The dens i ty  of t h e  

f a b r i c  (p,) w i l l  be assumed t o  be equal t o  1.0, a value between 

t h a t  of na tu ra l  rubber and t h a t  of t yp ica l  syn the t i c  rubbers. 

on the  bas i s  of t he  previous d iscuss ion  of P, we s h a l l  assume that it 

is  a t  i t s  minimum value of 1.0 when the  balloon bu r s t s .  

c m  

Although t h i s  i s  not a 

F i n a l l y ,  

With these  assumptions and Eq. (5.8), curves can be drawn 

showing the  re la t ionships  between the  payload mass (m ) and the  b u r s t  

a l t i t u d e  f o r  given values of t he  radius of the  unstretched balloon. 

Figures 2 and 3 present the  conditions assuming the  gases used are 

H and decomposed ammonia, respec t ive ly .  For convenience, each 

f igu re  a l s o  presents an  a l t i t u d e  scale based on S c h i l l i n g ' s  Model I1 
mean atmosphere. 

P 

2 

(5 -2) 

The curves show t h a t  as long as the  payload mass i s  small, t h e  

bu r s t  a l t i t u d e  i s  determined e s s e n t i a l l y  by the  unstretched radius of 

t h e  balloon. 

becomes an  inverse func t ion  of payload mass. Figures 2 and 3 i l l u s -  

trate t h a t  the  simple, ex tens ib l e  balloon may be capable of l i f t i n g  use fu l  

payloads t o  i n t e r e s t i n g  a l t i t u d e s  i n  the  Martian atmosphere. 

The op t imis t i c  p i c t u r e  presented by these  curves,  however, must 

For a l a rge  payload mass, however, t h e  bu r s t  a l t i t u d e  

be tempered by two reservations:  

t e n s i b l e  balloons w i l l  be the  a l t i t u d e  a t  which they have s t r e t ched  

t o  a radius s i x  t i m e s  the  unstretched radius only i f  t h i s  a l t i t u d e  

(1) The u l t imate  c e i l i n g  of ex- 
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i s  reached before the  f a b r i c  reaches i t s  imbrittlement temperature * 
(approximately 230°K f o r  f a m i l i a r  f a b r i c s ;  see Chapter V I ) ;  and (2) 

too g rea t  a concentration of ozone o r  too much u l t r a v i o l e t  r ad ia t ion  

a t  balloon a l t i t u d e s  can damage the  f a b r i c ,  impair i t s  e l a s t i c i t y ,  and 

thus necessar i ly  reduce t h e  b u r s t  a l t i t u d e .  

I n  considering the  use of a n  ex tens ib le  balloon on Mars, an  

add i t iona l  cons t r a in t  on a s p e c i f i c  set of design parameters (other 

than des i red  payload and a l t i t u d e )  i s  t h a t  t h e  balloon not reach a 
s i z e  before l i f t - o f f  t h a t  w i l l  be unwieldy (see s e c t i o n  on launching 

i n  Chapter V I I ) .  It i s  necessary, therefore ,  t o  examine the  radius 

of the balloon newly i n f l a t e d  a t  ground level as a function of t he  

achievable a l t i t u d e  and the  unstretched radius.  Remembering t h a t  

t he  mass of gas remains constant i n  an  ex tens ib le  balloon, we may 

equate the  mass of gas i n  the  balloon on the  sur face  and the  mass of 

gas i n  the  balloon a t  i t s  f i n a l  a l t i t u d e  [Eq. (5.111 as 

Replacing pi;, by po/@ (as before,  i t  is  assumed t h a t  Ap 

we may immediately w r i t e  an  expression f o r  ro, the  radius of t h e  

f i l l e d  balloon on the  sur face ,  i n  terms of t he  f i n a l  radius and the 

r a t i o  of t he  dens i ty  a t  t h e  a l t i t u d e  t o  the  sur face  a i r  density:  

= 0), 0 

Pf *'f 1/3  ro = r [- (1 +-)I 
p f Po 

U t i l i z i n g  the  r e l a t ionsh ip  between r 

s u b s t i t u t i n g  the  expression f o r  Ap we have, f i n a l l y ,  an  expression f '  
f o r  t he  r a t i o  of the  i n f l a t e d  radius on the  ground t o  the  unstretched 

and ru (i.e., rf = q r ), and f f u  

radius : 

* 
I f  t h e  balloon w e r e  a t  ambient temperature and the  atmosphere 

were ad iaba t i c ,  t he  material would become b r i t t l e  a t  about 5 km 
(assuming a Martian sur face  temperature of 250OK). 
materials used t o  da t e  q u a l i t a t i v e l y  appear t o  be q u i t e  black i n  the  
v i s i b l e  and inf ra red ;  so it  appears c e r t a i n  t h a t ,  by day, the  material 
w i l l  be considerably w a r m e r  than the atmosphere. 

However, ex tens ib le  

(See Figs.  9 and 10.) 
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I f  w e  once again le t  q = 6 ,  pf = 1, and tf = loo3, we may draw a set 

of curves as presented i n  Fig. 4 ,  i n  which the  r a t i o  of r 
p lo t t ed  as a function of the  dens i ty  a t  the  b u r s t  a l t i t u d e  f o r  given 

f 
t o  r 0 U 

i s  

values of r,.. I n  t h i s  case, we have assumed t h a t  t h e  sur face  dens i ty  
3 CI -4 of the  atmosphere on Mars i s  equal t o  10 gm/cm . An examination of 

t hese  curves, F igs .  2 ,  3,  and 4 ,  i nd ica t e s  t h a t  i t  may be f e a s i b l e  t o  

design an ex tens ib le  balloon system t o  l i f t  payloads of a s c i e n t i f i -  

c a l l y  s i g n i f i c a n t  mass t o  u se fu l  a l t i t u d e s  on Mars, i f  t he  balloon i s  

n e i t h e r  excessively l a rge  nor unwieldy. 

r3 and r2 

F i n a l l y ,  by grouping toge ther  t he  terms i n  Eq. (5.8) t h a t  multiply 

t h a t  equation takes on the  form of Eq. (2.13), with 
U U’  

Pf43f(Pt - 1) 
(5.10) - 

cv - 
$0 

(5.11) 

3 -1 -1 
where R = t h e  gas cons tan t ,  82.07 a t m  c m  deg mole . Therefore, from 

the  product (pm ) , with p = Cv/36rrCA [following Eq. (2.19)] , reference 

t o  F ig .  1 gives the  parameter 5;  whence r U i s  r ead i ly  computed following 

Eq. (2.17), 

2 3 
P 

The radius of the  f i l l e d  balloon on the  su r face ,  ro, i s  found 

from Eq. (5.9). Here C contains a term t h a t  i s  not a p a r t  of t h e  

balloon load (the term t h a t  arises from the  pressure d i f f e r e n t i a l  
A 
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across the fabric). Therefore, 5 is here not identical with the in- 
trinsic efficiency m / . This efficiency is, however, readily 
computed from the relation, 

P t  
0 

”L 
(5.12) 

derived from Eq. (2.17). 
The analysis just presented in terms of the “standard balloon 

equation”, Eq. (2 .13) ,  greatly simplifies extensible balloon design 

since it gives the unstretched radius, r and, through Eq. (5.12), 

the intrinsic efficiency, m / in terms of specified quantities; 
the environment at burst altitude, t and other known quantities. 

Use of Fig. 1 eliminates the necessity of solving a cubic equation 
in r . The mass of gas used to fill the balloon is readily computed 

from the intrinsic efficiency , since 

U’ 

P t’ 
f’ 

U 

-Ly (5 .13)  
m -  

g (m / >(P; - 1) 
P ?  

an expression readily derived from Eq. (5.5). 



-43- 

T h e  N o n e x t e n s i b l e *  B a l l o o n  

The behavior of a balloon made of material t h a t  resists s t r e t c h -  

ing i s  q u i t e  d i f f e r e n t  from t h a t  of t he  ex tens ib le  balloon discussed 

i n  t h e  previous sec t ion .  The nonextensible balloon i s  i n f l a t e d  only 

p a r t l y  before it leaves the  ground. It rises u n t i l  the  gas ins ide  

expands t o  f i l l  t h e  balloon's f ixed  volume, and very soon afterward, 

reaches an  equilibrium a l t i t u d e ,  

Such balloons can be used f o r  missions t h a t  include car ry ing  

both heavy payloads sho r t  distances and more moderate payloads f o r  

long periods. Two types of nonextensible balloons w i l l  be discussed 

i n  t h i s  s e c t i o n ,  t h e  superpressure balloon, and the equal-pressure 

balloon. It w i l l  be noted t h a t  each has important appl ica t ion .  For 

a sus ta ined  f l i g h t ,  o r  one where a cons is ten t  f l o a t i n g  a l t i t u d e  i s  t h e  

f i r s t  consideration, t h e  superpressure balloon is  b e t t e r .  However, 

f o r  heavy loads,  and f o r  high r e l i a b i l i t y ,  where only r e l a t i v e l y  

sho r t  f l i g h t s  are contemplated, t he  equal-pressure balloon might be 

chosen. 

SUPERPRESSURE BALLOONS 

General behavior. The superpressure balloon i s  a balloon of 

nonextensible f a b r i c  designed t o  f l o a t  s t a b l y  with an  i n t e r n a l  pressure 

always g rea t e r  than t h a t  of the  ambient atmosphere. How s t a b i l i t y  

comes about i s  discussed l a t e r  i n  t h i s  sec t ion .  

As with o ther  balloon types,  t h e  superpressure balloon's f i r s t  

* 
The term "nonextensible" i s ,  s t r i c t l y  speaking, a misnomer; the  

materials used f o r  balloon f a b r i c  t h a t  resist  extension t y p i c a l l y  
exh ib i t  a s t r e s s - - s t r a i n  r e l a t ionsh ip  t h a t  i s  l i n e a r  (Hooke's law) 
with increasing stress up t o  a "knee," beyond which the  material 
undergoes plast ic  flow and quickly reaches t h e  y i e l d  point. The knee 
occurs a t  a s t r a i n  of 0.04 t o  0.06 cm/cm and a stress of hundreds of 
atmospheres f o r  both Mylar and polyethylene, representa t ive  balloon 
materials. There i s ,  t he re fo re ,  no s i g n i f i c a n t  e r r o r  i n  c a l l i n g  a 
balloon made of t h i s  s o r t  of material "nonextensible .'I (Extensible 
balloons,  as discussed earlier, r ead i ly  expand i n  radius up t o  600 
per cent.) 



requirement i s  a quant i ty  of gas s u f f i c i e n t  t o  l i f t  i t  r ap id ly  ( to  

avoid obs tac les ) .  

r e l a t e d  t o  h ,  t h e  r a t i o  of the i n i t i a l  acce le ra t ion  t o  l o c a l  gravity.  

A value of h equal t o  0.1 i s  suggested i n  Appendix C; t h i s  value w i l l  

be re ta ined  f o r  t he  i l l u s t r a t i v e  examples i n  t h i s  sec t ion .  

This rate of rise i n  previous d iscuss ion  has been 

A t  t he  launch the  balloon i s  only p a r t i a l l y  f i l l e d .  A s  i t  rises, 

t h e  gas bubble in s ide  expands, and eventually,  t h e  balloon rises t o  

t h e  a l t i t u d e  where the  gas bubble completely f i l l s  the  balloon. 

a l t i t u d e  is  c a l l e d  "the a l t i t u d e  of f i r s t  f u l l  in f la t ion ."  (It i s  

here  t h a t  t he  equal-pressure balloon begins t o  valve gas, thus 

maintaining pressure equa l i ty  i n s i d e  and o u t ,  as w i l l  be discussed 

later i n  t h i s  section.)  

This 

During the  e a r l y  p a r t  of t he  rise, t h e  pressures are equal ins ide  

and outs ide  of t he  nonextensible balloon, whether i t  i s  the  equal- 

pressure o r  t he  superpressure type,  although the  gas temperature w i l l  

genera l ly  not be the  s a m e  as t h a t  of the  atmosphere. From the  a l t i -  

tude of f i r s t  f u l l  i n f l a t i o n ,  t h e  superpressure balloon continues t o  

r ise ,  but s ince  it r e t a i n s  a l l  of i t s  gas, i t  begins t o  bui ld  an 

i n t e r n a l  pressure t h a t  i s  progressively g r e a t e r  than t h a t  of t h e  

ambient atmosphere. 

S t a b i l i t y  when f loa t inp .  The maximum d i f f e r e n t i a l  p ressure  t h a t  

a f a b r i c  can withstand depends on i t s  t e n s i l e  s t r eng th ,  so a p rese t  

valve,  generally,  i s  included i n  the  design of a superpressure-balloon 

system, which prevents t he  i n t e r n a l  pressure from exceeding a pre- 

determined value. But t he  balloon rises even a f t e r  gas is re leased ,  

continuing t o  the  a l t i t u d e  where the  buoyant fo rce  becomes zero. 

By Eq. (2.1) t h e  buoyant force  is  

A f t e r  t he  poin t  of f i r s t  f u l l  i n f l a t i o n  is reached, V becomes approxi- 

mately constant,  Vb, and t h e  balloon continues t o  rise (assuming no 

gas i s  valved, so  m a l s o  remains unchanged) u n t i l  

(5.15) - g 
FB - (pmvb - mg 2 ) g  = J 
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a t  the  f l o a t i n g  a l t i t u d e  (denoted here  by the  subsc r ip t  m). 

atmospheric dens i ty  is  express ib le  l o c a l l y  as a n  exponential func t ion  

of a l t i t u d e  , z , 
-Z /Ha 

The 

Y (5.16) P = P O e  

where p 

l o c a l  atmospheric scale height.  For small displacements from 

f l o a t i n g  a l t i t u d e ,  z 

i s  the  dens i ty  a t  some reference a l t i t u d e ,  and Ha i s  the  0 

m y  

(5.17) 

so  the  balloon is  subjected t o  a r e s to r ing  force.  Osc i l l a t ions  are 

damped by aerodynamic drag [not included i n  Eq. (5.17) ; see Eq. (2.11)]. 

Description of balloon f l i g h t .  During the  ascent of the  balloon, 

the  gas ins ide  expands and the  balloon temperature* can drop so l o w  

t h a t  buoyancy i s  l o s t .  This problem was mentioned i n  Chapter I1 and 

i s  discussed i n  Appendix A. Such a loss of buoyancy w i l l  be a t e m -  

porary s ta te  of a f f a i r s ;  t he  balloon w i l l  resume i t s  rise when thermal 

equilibrium has been rees tab l i shed  with the surrounding atmosphere. 

Af t e r  the  superpressure balloon reaches i t s  f l o a t i n g  a l t i t u d e ,  i t s  

temperature, more than any o the r  f a c t o r ,  governs i t s  behavior. I f  

t he  balloon is  launched a t  n igh t ,  it may reach i t s  equilibrium 

a l t i t u d e  without valving gas. However, a t  sun r i se ,  t he  balloon t e m -  

pera ture  w i l l  increase  as s o l a r  energy i s  absorbed by the  f ab r i c .  

Then, t he  i n t e r n a l  pressure increases propor t iona te ly ,  and i f  the  

pressure reaches the  pre-set l i m i t ,  gas is  valved. Valving continues 

u n t i l  t h e  temperature reaches i t s  maximum. Thereaf te r ,  i f  the  balloon 

temperature never exceeds t h i s  value,  no more gas w i l l  be valved. 

* 
The expression "balloon temperature" i s  a s h o r t  way of r e f e r r i n g  

t o  t h e  e f f e c t i v e  temperature of t he  gas ins ide  the  balloon. It i s  
defined more p rec i se ly  i n  Appendix A. 
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A t  sundown t h e  balloon temperature drops r ap id ly ,  eventually 

reaching a minimum. 

temperature, provided the  amount of gas i s  constant.  I f  t he  balloon 

i s  t o  s t a y  a l o f t ,  it must be so designed t h a t  with the  amount of gas 

t h a t  remains a f t e r  t he  daytime maximum, the  i n t e r n a l  pressure corresponding 

t o  minimum temperature i s  not less than the  l o c a l  atmospheric pressure. 

Otherwise, inasmuch as a balloon cannot s u s t a i n  compression, it would 

become limp and lose  buoyancy. 

The i n t e r i o r  pressure va r i e s  d i r e c t l y  with the  

The balloon temperature va r i e s  through some range between the  * 
l i m i t s  (T')min and during a one-day period; t he  a c t u a l  se- 

quence of events during the  f i r s t  day w i l l  depend upon the  t i m e  of 

launch. I f  the  balloon were launched a t  n igh t ,  t h e  gas-valving 

operation would not be complete u n t i l  temperature maximum the  follow- 

ing  day. 

constant so long as it i s  t a u t ,  Eq. (5.15) shows t h a t  i n t e r n a l  pressure 

changes do not br ing  about changes i n  f l o a t i n g  a l t i t u d e .  

i n  m 

lower. So as the  balloon valves gas, it rises; a f t e r  t he  temperature 

maximum it f l o a t s  a t  i t s  u l t imate  a l t i t u d e .  

Since the  volume of t h e  balloon remains approximately 

A decrease 

means that n e u t r a l  buoyancy occurs a t  a n  a l t i t u d e  where pm i s  
g 

I f  ins tead  the  balloon were launched a t  noon, it could reach i t s  

u l t imate  a l t i t u d e ,  completing the  valving operation during i t s  i n i t i a l  

rise. 

second o r  subsequent day because of l o c a l  meteorological conditions,  

gas would be valved again. 

t r y  t o  estimate the  maximum temperature t h a t  t he  balloon w i l l  ever 

reach during daytime, toge ther  with the  minimum nighttime temperature, 

and design accordingly. 

I f  t he  f i r s t  day's temperature maximum were exceeded on the 

But f o r  long-duration design, we  must 

For f l i g h t  dura t ion  of one f u l l  day o r  longer,  encountering both 

high and low temperatures, t h e  optimum superpressure balloon would 

* 
and are here assumed t o  be the  minimum and maxi- 

mum temperatures t h a t  t he  balloon ever reaches -- they may not be 
reached i n  any p a r t i c u l a r  day. 
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conta in  a t  f l o a t i n g  a l t i t u d e  only as much gas as was required t o  

maintain a pos i t i ve  pressure  d i f f e r e n t i a l  a t  t h e  lowest balloon 

nighttime temperatures; and f o r  l i gh tness ,  i t s  f a b r i c  would have a 

thickness no g r e a t e r  than required t o  withstand t h e  maximum pressure 

when t h e  balloon temperature was at i t s  maximum. 

Superpressure balloon design fundamentals. I n  the following 

paragraphs w i l l  be developed a n  approximate theory of superpressure 

balloon design, 

For purposes of ana lys i s ,  we can imagine t h a t  t h e  launch occurs 

a t  any chosen t i m e  during a one-day period. The previous d iscuss ion  

shows t h a t ,  although the  d e t a i l e d  h i s t o r y  of the  f l i g h t  depends upon 

the  l o c a l  t i m e  of t he  launch, t h e  u l t imate  behavior (assuming a 

f l i g h t  longer than 1 day) i s  independent of the  launching t i m e .  For 

convenience, we w i l l  assume i n  t h e  ana lys i s  t o  follow t h a t  the  

balloon is  launched a t  night and t h a t  when i t  reaches i t s  a l t i t u d e  

of f i r s t  f u l l  i n f l a t i o n ,  i t s  temperature i s  a t  the  minimum value.  

The gas charge of buoyant gas introduced i n t o  the  balloon a t  

t he  time of launching is  given by the  expression 

(5.18) 

where w e  have assumed t h a t  T '  = T a t  t he  ground. 

The balloon i s  f i r s t  f u l l y  i n f l a t e d  a t  an  a l t i t u d e  where the  

atmospheric dens i ty ,  p t he  amount of l i f t i n g  gas,  m , and the 

balloon volume, Vb,  a r e  r e l a t e d  by the  equation 
i' g 

(5.19) 

The las t  f a c t o r  i s  the  r a t i o  of the ambient temperature t o  the  mean 

equilibrium temperature of t he  confined gas. 

t o  conditions a t  the  a l t i t u d e  of the  f i r s t  f u l l  i n f l a t i o n .  

assumptions, T i  = (T')min.] 

The subsc r ip t  i r e f e r s  

[By our 
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(5.20) 

t he  r a t i o  between the  minimum balloon temperature and t h e  ambient 

atmospheric temperature. 

value f o r  x f o r  Mylar i s  0.85. From E q .  (5.19), 

I n  Appendix A, it i s  shown t h a t  a reasonable 

(5.21) 

By making use of E q .  (5.21), together with E q s  . (5 . lo)  , (5.18), 

(5.19), and (2.13X w e  can w r i t e  

(5.22) 

where C C a r e  the  c o e f f i c i e n t s  introduced i n  E q .  (2.13).  These 

c o e f f i c i e n t s  enable us t o  analyze the  balloon's performance by re- 

l a t i n g  m 

they provide a ready access t o  o ther  important q u a n t i t i e s  such as 

%, 
balloon e f f i c i ency .  

V' A 

Jr 
t o  5 a s  previously described. And, as a l ready  discussed, 

P 

** 
and r ,  the  balloon r ad ius .  Here, 5 = mp/%, t h e  i n t r i n s i c  

E f fec t s  of f i n i t e  material s t rength .  Now t h e  l imited s t rength  

of t he  f a b r i c  must be considered, a s  wel l  a s  t he  requirements t h a t  

t h e  balloon ne i the r  bu r s t  a t  t h e  maximum temperature and pressure 

nor become limp when low temperature reduces pressure t o  a minimum. 

The stress on the  balloon f a b r i c  i s  r e l a t e d  t o  the  r ad ius ,  thickness,  

and pressure d i f f e r e n t i a l  by t h e  expression 

* 
For h = 0.1, x = 0.85; +pi (2) . 

** 
It should be noted t h a t  it i s  o f t en  found t h a t  t he  mass of t h e  

balloon f a b r i c  i s  an appreciable f r a c t i o n  of -- o r  may even exceed -- 
t he  payload mass. 
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(5.23) 

It i s  necessary at a l l  times tha t  

where omax i s  t h e  maximum allowable stress i n  the  fabric.* 

t h e  quant i ty  of gas is  constant ( a f t e r  a one-day cycle) t h e  

maximum pressure d i f f e r e n t i a l  (AP)~, i s  r e l a t e d  t o  

[ (T - (T r ,  . 1, by t h e  expression 

I f  

m m  

(5.25) 

i n  terms of t h e  pressure and t h e  temperature of t h e  atmosphere 

at t h e  a l t i t u d e  of f i r s t  f u l l  i n f l a t i o n .  This equation can be 

w r i t t e n  

(5.26) 

Combining t h i s  expression with Eq. (5.23), w e  f i n d  t h a t  the  

requirement t h a t  t h e  stress i n  t h e  f ab r i c  be less than omax sets 

a l i m i t  on t h e  balloon rad ius ,  

2tb x M cr a max r S  (5.27) 

This l i m i t  on t h e  permissible balloon s i z e  sets a corresponding 

l i m i t  on t h e  maximum payload. Using Eqs. (2.17) and (5.22), we 

have 

*For Mylar, a t y p i c a l  p l a s t i c  used fo r  superpressure balloons, 
i s  seve ra l  thousand atmospheres; see Chapter V I .  

Om 
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The quant i ty  (&C)max, t h e  maximum temperature range, i s  a 

function of t h e  environment of t h e  balloon i n  the  planetary atmosphere 

(primarily the  r a d i a t i o n  environment) and t h e  balloon f a b r i c  used; 

and unless t h e  f a b r i c  is completely "black," it w i l l  depend a l s o  on 

t h e  fabr ic ' s  thickness,  tb. 

permit estimation of (&C)max, t he  balloon's e f f e c t i v e  absorp t iv i ty  of 

sunl ight  and i t s  emiss iv i ty  of f a r - in f r a red  r a d i a t i o n  should be 

determined i n  the  laboratory. 

See Appendix A for  a discussion. To 

The pressure-release valve i s  set i n  accordance with (LS),,, 

following Eq. (5.26). The value for (np) computed from Eq. (5.26) 

assures t h a t  t he  balloon is  at a l l  times i n  t h e  t a u t  condition, and, 

i f  t h e  design i s  such t h a t  t he  inequal i ty  (5.28) i s  s a t i s f i e d ,  t he  

stress i n  the  f ab r i c  never exceeds s a f e  l i m i t s .  

m a x  

The u l t imate  equilibrium f loa t ing  a l t i t u d e ,  allowing for 

poss ib le  valving of gas, w i l l  be where the  atmospheric density i s  

given by 

(5.29) 

and it i s  r ead i ly  shown t h a t  

(5.30) 

s o  i n  the equations previously derived, e.g., Eq. (5.22), t h e  dens i ty  

a t  t h e  u l t imate  f l o a t i n g  a l t i t u d e ,  

pi, t h e  density at  f i r s t  a l t i t u d e  of f u l l  i n f l a t i o n .  

when m,/% equals t h e  r i g h t  s i d e  of expression (5.28). 

can be achieved for a given payload by choosing t h e  thickness of 

f a b r i c  appropriate t o  t h a t  payload. That is ,  a c e r t a i n  thickness,  

tb, can be  found t h a t  maximizes t h e  e f f i c i ency  of carrying a given 

payload i f  t h e  o ther  parameters of t h e  balloon system have been 

specified.  A t  t h i s  point,  it is necessary t o  introduce two more 

l i m i t s ,  t h e  limits marking o f f  t he  f eas ib l e  range of thicknesses of 

balloon fabr ics .  

can be spec i f ied  r a the r  than 'm 9 

Thickness of t h e  balloon f ab r i c .  The design i s  most e f f i c i e n t  

This value 



-51- 

It is found (see Chapter V I )  t h a t  every balloon material has a 

minimum usable thickness;  t h i n  material i s  excessively vulnerable t o  

abrasion and o ther  damage. S imi la r ly ,  every material has a maximum 

thickness beyond which it cannot be successfu l ly  fabricated.  These 

l i m i t s  on thickness have important implications:  fo r  low values of 

t he  payload mass, t h e  argument out l ined  above would lead t o  a choice 

of low values for  tb i n  order t o  maximize mp/%; t h e  minimum value 

t h a t  tb can have, 

On t h e  other hand, t he  maximum value of t sets an u l t imate  go. 
max imum on the  s i z e  of payload t h a t  t h e  superpressure balloon can be 

designed t o  carry.  

sets a l imi t  on how f a r  t h i s  process can 

b 

(tb ’min ’ 

This l i m i t  on maximum payload i s  one disadvantage of t he  super- 

pressure balloon. Another disadvantage a r i s e s  from the  somewhat 

i n f e r i o r  r e l i a b i l i t y  of s u i t a b l e  fabr ics .  Polyethylene, which is a 

highly r e l i a b l e  p l a s t i c  film, i s  unsuitable f o r  t h e  superpressure 

balloon because of i t s  i n f e r i o r  s t rength .  

although tremendously strong, i s  d i f f i c u l t  t o  f ab r i ca t e  r e l i a b l y  

pa r t ly  because of a tendency for  highly s t r e s sed  points t o  occur on 

the seams. 

present have the  r e l i a b i l i t y  of polyethylene equal-pressure balloons. 

R e l i a b i l i t y  i s  so important i n  space experiments t h a t  research should 

be d i rec ted  toward improved methods of f ab r i ca t ing  s t r e s s - f r e e  

balloons and developing p l a s t i c  films t h a t  a r e  both strong and r e l i a b l e .  

Mylar, on the  other hand, 

As a r e s u l t ,  Mylar superpressure balloons do not at 

W e  conclude t h i s  s ec t ion  with a numerical example. Figure 5 
shows a p lo t  of m / versus m fo r  a balloon of Mylar, a representa t ive  

superpressure balloon material, i n f l a t e d  with hydrogen. On the  graph 

are two curves, one each for minimum and maximum thicknesses (con- 

serva t ive ly  set at 0.0015 cm and 0.004 cm). 

f i r s t  f u l l  i n f l a t i o n  w a s  assumed t o  be 5 x 

assumed t o  be 0.85; omax = 1000 a t m ,  a conservative value, w a s  

adopted. The l imi t ing  s i z e ,  f ixed by the  f i n i t e  t e n s i l e  s t rength  of 

the  material, is  determined by t h e  value of (&E)max as shown i n  the  

inequal i ty  (5.28). This l i m i t  i s  indicated on Fig. 5 for  two values 

of (&Elrnax, 22OC, as predicted by the  approximate ana lys i s  of Appendix 

A, and double t h i s  value, 44OC. 

P %  P 

The dens i ty  a l t i t u d e  of 

gm/cm , and x w a s  3 

As has been mentioned, fur ther  
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research i n t o  the  r ad ia t ive  propert ies  of bal loon-fabric  materials 

i s  required before (LS) can be estimated with confidence. The 

f igure  shaws t h a t  for  t = 0.0015 cm, i f  = 22OC, t h e  maximum 

payload i s  about 160 kg ( i f  Eq. (5.27) is  used, t he  l imi t ing  radius  

i s  about 8.0 meters).* On the  other hand, i f  i s  44OC, the  

maximum payload i s  diminished by a fac tor  of 10 t o  16 kg (r = 4m). 
This example i l l u s t r a t e s  the importance of knowing accurately the  

r a d i a t i v e  propert ies  of the balloon mater ia l  and the  r ad ia t ive  

environment i n  which it w i l l  operate. It a l s o  emphasizes the  neces- 

s i t y  fo r  conservative design t o  allow for  grea te r  than an t ic ipa ted  

temperature f luctuat ions.  

m a x  

EQUAL-PRESSURE BALTAONS 

General discussion. The equal-pressure balloon can be considered 

i n  some respects  t o  be a spec ia l  case of the superpressure balloon; 

it i s  the  case where (ap) = 0; t h a t  i s ,  t he  i n t e r n a l  pressure i s  

not  a l l m e d  t o  be grea te r  than the  pressure of the atmosphere. 

During ascent,  t he  two types of bal loon behave a l ike .  Both rise t o  

the a l t i t u d e  of f i r s t  f u l l  i n f l a t ion .  A t  t h i s  point,  the  equal- 

pressure balloon must begin t o  valve gas; it continues r i s i n g  t o  an 

equilibrium f loa t ing  a l t i t u d e ,  where the buoyant force becomes zero 

and pressure i s  equalized in s ide  and out. 

m a x  

So long as t h e  bal loon temperature s tays  the same o r  increases 

with t i m e ,  t he  equal-pressure balloon i s  s table .  As i t s  temperature 

increases,  more gas i s  vented, of course, but  the  balloon remains 

f u l l y  inf la ted .  However, should the  temperature decrease, t he  gas 

within the  balloon would contract ,  and the  bal loon would become limp 

and lose buoyancy. A s  t he  limp balloon f a l l s ,  the  work done by the  

atmosphere on t h e  bal loon gas i n  compressing i t  w i l l  raise i ts  

temperature; s o  i f  t h e  atmospheric lapse rate is  low or  negative 

*For t h i s  case p, = 2 kg-'; reduced radius  [ r ( l  - c ) ]  = 1.1 
meters approximately; the  quoted values for  (m 
ponding r are derived from these quan t i t i e s  uslng t h e  l imi t ing  5 .  

and the  corres-  P 



-54- 

t h e  balloon may f ind  another lower buoyant level. Where the re  is a 

temperature inversion, f o r  example, t he  balloon could en te r  an 

atmospheric layer s u f f i c i e n t l y  cooler ou ts ide  than in s ide  t o  make 

it again buoyant. However, i n  general ,  for  t h e  balloon t o  s t a y  

a l o f t  a f t e r  a drop i n  temperature, it must drop b a l l a s t .  

pressure balloon cannot be used for long-duration missions without 

b a l l a s t ;  fo r  shor te r  f l i g h t s ,  however, it can be used (as on missions 

t h a t  can terminate at t h e  f i r s t  sunset) .  

The equal- 

The " s l i g h t l y  pressurized" balloon. Rather than continuing t o  

concentrate on t h e  case of t he  purely equal-pressure balloon, we 

w i l l  confine our a t t e n t i o n  t o  t h e  case of the  equal-pressure balloon 

i n  which t h e  gas pressure i s  ac tua l ly  above -- but only s l i g h t l y  

above -- t h e  pressure of t h e  ambient atmosphere. The eventual 

i n s t a b i l i t y  of t h e  purely equal-pressure balloon brought about by 

i t s  loss of gas during any small temperature increase  could be 

p a r t i a l l y  a l l e v i a t e d  by designing t h e  balloon t o  operate i n  t h i s  way. 

The d i f fe rence  between t h i s  type of equal-pressure balloon and the  

superpressure type discussed i n  the  previous sec t ion  i s  t h i s :  t h e  

pressure-release valve & t h e  thickness of f a b r i c  of t he  super- 

pressure balloon are s o  spec i f i ed  t h a t  t he  balloon w i l l  ne i the r  

bu r s t  nor become limp. 

t h e  th innes t  f a b r i c  p r a c t i c a l  for  manufacture would be chosen; then 

I n  t h e  balloon type here  under consideration, 

t h e  valve would be set t o  pro tec t  t h e  balloon from bursting. 

provision would be made i n  the  design t o  keep t h e  balloon t a u t  

through i t s  temperature cycles. 

No 

The advantages of t h e  equal-pressure balloon (modified as 

suggested above) are t h a t  

(1) 

(2) 

t h e  balloon can be made of t h e  th innes t  material feas ib le .  

it can be made of a type of material t h a t ,  because of l o w  

t e n s i l e  s t rength ,  i s  unsuitable for  t he  superpressure balloon (e.g., 

polyethylene) 

(3) t he re  i s  no payload maximum set by t h e  maximum allowable 

thickness of t he  fabric.  

The disadvantages are t h a t  (1) the re  is no inherent,  long-term 
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s t a b i l i t y ;  i f  t he  balloon i s  t o  f l o a t  past  sunset,  b a l l a s t  must be 

dropped; and (2) t h e  balloon does not f l o a t  at a constant density 

a l t i t u d e ;  i t s  a l t i t u d e  va r i e s  widely when it descends at sunset and 

then rises a f t e r  b a l l a s t  i s  dropped. 

Theory. The theory developed for t he  superpressure balloon 

can be r ead i ly  ca r r i ed  over t o  t h e  s l i g h t l y  pressurized case. 

e f f i c i ency  m / 
The 

for  a given payload m i s  given as before, except 
P 5  P 

t h a t  here  

(5.31) 

A s  before,  CA = pbtb.  The chosen thickness, tb, w i l l  now o rd ina r i ly  

be t h e  c h a r a c t e r i s t i c  minimum thickness for t h e  f a b r i c  t h a t  has been 

selected.  The curve i n  Fig. 5 corresponding t o  t - 0.0015 cm, 

without t h e  maximum l i m i t  imposed as i n  t h e  superpressure case, would 

apply approximately for  Mylar used i n  t h e  equal-pressure balloon. 

(The f ac to r  x = 0.85, used i n  t h e  superpressure case, should k 

omitted for  t h e  equal-pressure case. The e r r o r  incurred i s ,  however, 

s m a l l ,  and t h e  curve gives a good approximation of equal-pressure 

balloon performance. ) 

b -  

Since no provision i s  made t o  keep t h e  balloon t a u t  under a l l  

temperature conditions, t h e  inequal i ty  (5.28) does not apply. The 

pressure- re l ie f  valve f o r  t h e  s l i g h t l y  pressurized balloon would be 

set on t h e  b a s i s  of Eq. (5.23), r a t h e r  than Eq. (5.25): 

where r i s  computed using C and CA following Eq. (2.17). v 

FLIGHT DURATION 

The mission of a nonextensible balloon may m a k e  i t  important 

f o r  t h e  balloon t o  remain a l o f t  through severa l  gas-temperature 

cycles (i.e.? seve ra l  sunrise--sunset cycles). It i s  necessary, 

therefore,  t o  determine t h e  penalty paid i n  decreased balloon per- 

formance t o  achieve a given duration. 
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F l i g h t  duration fo r  equal-pressure balloons. As described 

previously, t h e  f l i g h t  dura t ion  for an equal-pressure balloon depends 

on t h e  proper cor rec t ion  for t h e  i n s t a b i l i t y  t h a t  occurs at each 

sunset. I f  w e  d i f f e r e n t i a t e  Eq. (2.5) with respec t  t o  temperature, 

w e  f ind t h a t  a change i n  temperature of t h e  gas equal t o  &I! produces 

a force  imbalance i n  t h e  floating-balloon system (at t h e  f i r s t  

sunset encountered) equal t o  

requiring, fo r  equilibrium t o  be res tored ,  t h e  removal of a 

mass* equal t o  

where 

A t  t he  next un r i  t h e  b 

B DT 
y =- (-) . 

$ - 1  T '  

l loon, re l ieved  of ma 

(5.32) 

(5.33) 

s %, and wi th  

t h e  DT res tored  by means of absorption of s o l a r  r ad ia t ion ,  w i l l  

rise t o  a somewhat higher a l t i t u d e  than the  previous day, valving 

sane gas as it does so. On the  day following the  f i r s t  sunset,  t he  

mass of gas contained i n  the  balloon i s  equal t o  

This process w i l l  be repeated at each sunset and sunr i se ,  u n t i l  
t h  on the  day following t h e  D- sunset,  

(5.34) 

(5.35) 

)(While it i s  t r u e  t h a t  t he  equilibrium can be  res tored  by 
replacing t h e  hea t  l o s t  by t h e  gas, it i s  demonstrated i n  the  sec t ion  
on ho t - a i r  balloons t h a t  t h i s  is  very cos t ly  i n  terms of committed 
m a s s .  For t h i s  reason it was f e l t  des i r ab le  t o  restrict  t h i s  d i s -  
cussion of t h e  duration of equal-pressure balloons t o  t h e  case of 
equilibrium acquired through t h e  use of expendable m a s s  (ba l l a s t ) .  
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I f  t h e  des i red  dura t ion  includes D sunsets,  then t h e  t o t a l  mass 

remaining, (z)~ [i.e., 5 minus an expendable mass (m ) 1, a f t e r  

t h i s  period is  given by 
e D  

(5.36) 
D (%If = "Lo - Y )  J 

and t h e  t o t a l  expendable mass or  b a l l a s t  t h a t  must be ca r r i ed  i s  

(5.37) 

U t i l i z i n g  Eq. (5.36), it can e a s i l y  be shown t h a t  t he  m a s s  t h a t  

must be dropped on the  n- n ight  following t h e  launching i s  given t h  

by 

(5.38) 

The payload m a s s  i s  defined as 

where (m ) 

duration of D sunsets. 

payload t o  t h e  t o t a l  payload as 

i s  t h e  nonexpendable payload m a s s  ava i l ab le  f o r  a 
P D  

W e  can express the  r a t i o  of t he  ava i l ab le  

where 5 i s  m / . For y << 1, t h e  normal condition, 
P %  

Under these  conditions,  t h e  " i n t r i n s i c  e f f ic iency"  for a given 

dura t ion  (here defined as the  r a t i o  of t h e  m a s s  of t he  use fu l  payload 

t o  t h e  t o t a l  i n i t i a l  balloon load) is 

(5.42) 

5 
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It should be noted t h a t  (m ) goes t o  zero for  D = g/y. Therefore 

durations, measured i n  sunsets,  longer than t h e  in teger  pa r t  of 

(</y) are impossible. 

P D  

Fl ight -dura t ion  for superpressure balloons. A properly designed 

superpressure balloon, as described previously, should t h e o r e t i c a l l y  

not d e s t a b i l i z e  a t  sunset. I n  pr inc ip le ,  then, t he  involuntary 

termination of t h e  f l i g h t  of such a balloon should r e s u l t  only f r an  

t h e  d e t e r i o r a t i o n  of t h e  material or t h e  l o s s  of gas (hence of 

pressure) due t o  the  f ab r i c ' s  permeability or t o  a c t u a l  leaks. 

The de te r io ra t ion  of t he  f a b r i c  because of exposure t o  u l t r a -  

While such v i o l e t  r a d i a t i o n  and ozone i s  discussed i n  Chapter V I .  

de t e r io ra t ion  does occur, and i n  t h e  long run may determine the  

u l t ima te  l i m i t  of t h e  balloon's f l i g h t ,  it is  not poss ib le  with 

present knuwledge t o  determine t h i s  maximum duration. 

Recognizing the probable e f f e c t  of f a b r i c  de t e r io ra t ion  on a 
balloon's f l i g h t  duration, bu t  for  t h e  moment leaving t h a t  problem 

for fu ture  research, w e  can consider t he  l imi t a t ions  imposed on a 
superpressure balloon Is f l i g h t  by lo s s  of gas. Experience shows 

the re  are two ra ther  e f f e c t i v e  methods of e l imina t ing  balloon leaks. 

The f i r s t  of these  i s  t o  impose adequate qua l i t y  cont ro ls  i n  the  

manufacture of t he  p l a s t i c  f i lm  and t h e  f ab r i ca t ion  of t h e  balloon, 

cambined with thorough inspection of the  balloon throughout con- 

s t r u c t i o n  and packaging. The second method recognizes t h a t  s m a l l  

"pinholes" i n  the  film, i f  they occur i n  manufacture, w i l l  be random, 

and can be v i r t u a l l y  eliminated by the  lamination of two th inner  

shee ts  of p l a s t i c .  From t h i s  experience follows the  assumption tha t ,  

for t h i s  appl ica t ion ,  leaks may be minimized. 

Using the  value t o  be given i n  Chapter V I  f o r  the  permeability 

of Mylar t o  hydrogen, t h e  f l i g h t  duration, i f  l imi ted  s o l e l y  by 

d i f fus ion  of t h e  gas through the  film, can be shown t o  be  seve ra l  

thousand years. It i s  evident, therefore ,  t h a t  t h e  duration of 

f l i g h t  of a superpressure balloon i s  completely determined by f a b r i c  

de t e r io ra t ion  o r  inadvertent leaks. 
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* 
T h e  H o t - A i r  B a l l o o n  

The earliest balloon ascents,  by the  Montgolfier bro thers  i n  

the  18th century, were i n  hot -a i r  balloons. 

hundred years, many ho t - a i r  balloon ascents  were made, but t h i s  type 

of balloon eventually w a s  abandoned except at carn iva ls  and f a i r s ,  

Only during t h e  pas t  several years has i n t e r e s t  revived, f i r s t  fo r  

spo r t  ballooning, and more r ecen t ly  for  shor t -dura t ion  t r anspor t  

of heavy loads. (5*3)  

ho t -a i r  balloon relies for l i f t  e n t i r e l y  on t h e  temperature 

d i f f e r e n t i a l  between t h e  atmospheric gases in s ide  t h e  balloon and 

the air outside.  The air  in s ide  i s  heated, and thus is  made less 

dense than t h e  air  at t h e  same pressure outs ide  -- t h i s  dens i ty  

d i f fe rence  provides l i f t  i n  a manner e n t i r e l y  analogous t o  the  

l i gh te r - than -a i r  gas balloon. I n  operation, a i r  is  warmed and 

pumped i n t o  t h e  balloon envelope -- then hea t  i s  continuously 

supplied t o  make up for  convective and r a d i a t i v e  losses.  The 

balloon rises and f l o a t s  at t h e  a l t i t u d e  where it is  n e u t r a l l y  

buoyant. I f  hea t  is supplied by a f u e l  burner, when t h e  f u e l  has 

been exhausted the  balloon w i l l  lose  buoyancy and descend t o  t h e  

ground. 

During t h e  next two 

I n  con t r a s t  with the  l ight-gas balloons, t h e  

I n  t h e  following paragraphs w e  w i l l  d i scuss  t h e  b a s i c  equations 

governing t h e  behavior of t h e  hot -a i r  balloon once it has reached 

i t s  f l o a t i n g  a l t i t u d e ,  and der ive  equations r e l a t i n g  t h e  s i z e  of t h e  

balloon, t h e  dura t ion  of t h e  f l i g h t ,  t he  payload, and t h e  optimum 

operating temperature. 

i s  discussed b r i e f l y .  

The p o s s i b i l i t y  of using a sun-heated balloon 

*In t h e  i n t e r e s t  of simple terminology we here  extend t h e  
meaning of "air" t o  include t h e  atmospheric gases of Mars. 
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BASIC THEORY 
The bas i c  requirement fo r  ho t - a i r  balloon operation i s  t h e  

replacement of hea t  losses. Heat i s  l o s t  i n  s eve ra l  ways: (1) 

cooling by r ad ia t ion ,  (2) heat  loss  from t h e  f a b r i c  t o  the  surrounding 

atmosphere by f r e e  convection, or  (3) mixing of cool ou ts ide  air with 

the  air  i n s i d e  t h e  balloon i f  it i s  open a t  t h e  bottom. To balance 

these  losses,  hea t  can be supplied by (1) f u e l  combustion, (2) absorp- 

t i o n  of so l a r  r a d i a t i o n  by day, (3) absorption of in f ra red  r a d i a t i o n  

f r a n  the  ground. 

The balloon buoyancy equation may be wr i t t en :  

e 
"b 3 - %  - m f  - m t p - %  - m p = O  

where 

% = burner m a s s ,  

mf 

t P  

= m a s s  of f u e l  plus oxid izer ,  

m = mass of tankage and plumbing, 

0 = balloon superheat (difference between mean 

temperature of a i r  in s ide  t h e  balloon and 

air  outside).  

The other symbols have t h e i r  usual meanings. 

W e  w i l l  treat t h e  h o t - a i r  balloon problem very simply, ignoring 

the  many complications involved i n  t h e  a i r  c i r c u l a t i o n  wi th in  t h e  

balloon, t h e  hea t - t r ans fe r  d e t a i l s ,  e t c .  Nevertheless, t h e  s impl i f ied  

theory presented should permit estimation of such parameters as balloon 

s i z e  and f u e l  requirements. 

The following are expressions for  t h e  var ious  terms t h a t  toge ther  

determine the  balloon's mean temperature (see Appendix A for fu r the r  

discussion) . 
Terms giving, t he  rate of hea t  l o s s  

4 4 rad ia t ive-hea t  loss  : OBeb%Tr = uBEb%qr (Tte) 

%qCe 
convective-heat l o s s  : 

cool- air mixing : (probably of t h e  same form as 

t h e  convective-loss term) 
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where 'fl i s  a f ac to r  t o  allow for  a d i f fe rence  between t h e  mean 

temperature of t h e  air wi th in  the  balloon ('I' = T + e), and t h e  

mean f a b r i c  temperature T 

i f  hea t  were supplied by a high-temperature hea t ing  element wi th in  

C 

Such a d i f f e rence  might be s i g n i f i c a n t  b' 

t he  balloon. (1 f i l l s  a similar function fo r  r a d i a t i v e  losses.)  The r 
o the r  symbols are defined and discussed i n  Appendix A. 

Terms RivinP t h e  rate of hea t  gain 

h /K 
f Q  

by f u e l  combustion: 

by absorption of 
s o l a r  rad ia t ion :  1/4 abS% 

4 by absorption of I R  
from t h e  ground: 11'2 eboB%TG = 1 / 2  A,,S G b  e 

where 15 
K 

ground in tegra ted  rad ia t ion .  The other symbols are discussed i n  

Appendix A. 

=mass rate of consumption of fue l  and oxid izer ,  

= r ec ip roca l  hea t  of combustion ( in  grarns/calorie), and SG = 
f 

Q 

Assuming a constant combustion rate and a duration of T seconds, 

4 
m f =  A,,K Q [O B b r  G 7\ ('I + 9) + K z e  - 4 2 

where K* i s  K modified by including cool air mixing and 7 
C C C' 

The tankage m a s s ,  m w i l l  be included by multiplying m f by t P '  

which we then w r i t e  K* Q' Q' 

a s u i t a b l e  f ac to r ;  fo r  convenience t h i s  f ac to r  w i l l  be absorbed i n t o  

K 

proportional t o  t h e  rate of hea t  generation, which, i n  turn,  i s  

equal  t o  the  ne t  rate of hea t  loss ;  t h e  f ac to r  of propor t iona l i ty  

w i l l  be symbolized s. 
buoyancy equation assumes t h e  form 

The burner m a s s ,  %, i s  approximately 

Assuming sphe r i ca l  symmetry, as usual,  t he  

- 4 3  n r  Cv - 4nr 2 CA - m = 0 , 
3 P 

(5.43) 
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with 
c =  8p 

V T + 9 '  

OPTIMUM SUPERHEAT 

The balloon's s i z e  i s  dependent on a number of parameters, but 

for a given f ab r i c ,  a l t i t u d e ,  payload, f u e l  and f u e l  system, s o l a r  

constant, ground emission, and ambient air temperature, t h e  only 

parameter l e f t  unspecified i s  t h e  superheat, 9. A high 9 implies 

grea te r  buoyancy than a low 9, so  a higher superheat might be 

expected t o  permit a smaller balloon radius and, hence, a more 

e f f i c i e n t  system. However, a high balloon superheat a l so  means a 

high rate of hea t  loss  per u n i t  area, and, hence, a proportionately 

l a rge  f u e l  requirement for  a given duration. 

choice of balloon superheat for which the  t o t a l  sys t en  w i l l  have 

the  smallest t o t a l  mass f o r  a given payload and f l i g h t  duration. 

There is  an optimum 

During t h e  day, even i f  no hea t  i s  added by burning f u e l ,  t he  

balloon w i l l  f requent ly  achieve a higher temperature than the  sur -  

rounding air  i f  it absorbs r a d i a t i o n  r ead i ly  i n  t h e  v i s i b l e  p a r t  of 

t h e  spectrum but absorbs and emits poorly i n  the  f a r  i n f r a red .  

Although apparently never explo i ted  on t h e  e a r t h ,  a sun-powered hot- 

a i r  balloon appears poss ib le .  

that heat l o s ses  are replaced by absorption of sunl ight ;  i t s  poss ib le  

performance i s  discussed later i n  t h i s  chapter.  Figure 6 shows how 

t h e  superheat, O s ,  i n  equilibrium with sunl ight  and inf ra red  rad ia-  

t i o n  from the  ground, depends on eb, CY of t he  f a b r i c .  

pera ture  ca l cu la t ions  are t e n t a t i v e  only, s ince  the  treatment i s  

oversimplified and many unce r t a in t i e s  remain. 

Such a balloon would be designed so 

* 
Such tem- b 

However, they serve 

* 
The surrounding air w a s  assumed t o  be a t  250°K, t h e  r a d i a t i v e  

ground temperature was 220'K. The value K- was assumed t o  be 
c: 

1.5 x cal cm-2sec-1deg-1. These are a l l  "pessimistic" values.  
-1 The s o l a r  constant was assumed t o  be 0.01 cal sec  . 
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Fig. 6 - Superheat of a hot-air balloon, Os , for various absorptive 
and emissive powers under the specified set of assumptions 
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t o  i l l u s t r a t e  t h e  p o s s i b i l i t y  of achieving high superheats during 

t h e  day without f u e l  consumption. I f  6 is  pos i t i ve ,  t h e  optimum 

balloon superheat f o r  daytime operation i s  c l e a r l y  not less than  eS. 
Besides t h e  load a l o f t ,  we should include i n  t h e  t o t a l  mass of t h e  

balloon system the  mass of a s p e c i a l  blower and burner, and a charge 

of f u e l  and oxid izer  t o  f i l l  t he  balloon with hot  air i n i t i a l l y .  

( I f  the  balloon is  f i l l e d  by "ramming i n  air" during the  i n i t i a l  

descent through the  atmosphere, t he  blower would be superfluous, but 

t he  hea te r  and f u e l  would s t i l l  be required.)  

i n i t i a l  heating and i n f l a t i o n  can be j e t t i soned  and so is  not i n -  

cluded i n  the  load a l o f t ;  w e  symbolize i t s  mass by mad. 

S 

The equipment f o r  

of t h e  i n f l a t e d  balloon can be expressed [see Eq. The volume 

(2.2011 

The quant i ty  of 

grees above the  

Therefore, 

hea t  required t o  raise the  a i r  i n  the  balloon 0 de- 

ambient temperature i s  

'b 

- m - 
ad 

where f allows f o r  t h e  

tankage. We can rewrite 

Eq. (5.431, 

BB 

m ad 

mass of the  blower, extra burner, and 

t h i s  equation, s u b s t i t u t i n g  C from v 

m 
= f T C K  . 

BB P Q C  

Since the  t o t a l  system mass, 5 ,  i s  equal t o  D+, + mad, 

(5.44) 
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Therefore, t o  minimize the  t o t a l  mass 5 f o r  a given m 
maximize 6. And, s ince  the  r e l a t ionsh ip  between pm and 6 i s  monotonic 

and increasing, the  same th ing  i s  accomplished f o r  a given payload by 

maximizing p. 

we must 
P’ 

P 

To solve the  optimization problem a n a l y t i c a l l y ,  w e  can approxi- 

mate t h e  q u a r t i c  t e r m  by a linear expression over a l imited range 

i n  8: 

OB q r ( ~  + e l 4  J~ + J~ e . (5 .45 )  

A s  before,  

Now w r i t e  

CA = KO $. K10 , 

where 

(5 .46 )  

K 1 =(K:+ e b J 1 ) ( K 2 + $ ) .  

Jo, J1 are defined by Eq. (5 .45 ) .  

Following Eq. ( 2 . 1 9 ) ,  

(5 .47)  

n 2 1 

The value of 0 t h a t  maximizes t h i s  expression is e a s i l y  shown 

t o  be 
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- Ta 
6 - .1 

So, t he  optimum superheat f o r  h o t - a i r  balloon operation, Qopt, i s  

= el o r  es , 9opt 

whichever i s  l a rge r .  

t he  balloon i s  optimally sun-powered.) 

( I f  el should turn  out t o  be smaller than 8 
S Y  

Once the  optimum operating temperature i s  determined, p can be 

Then from (pm ), Fig .  1 gives 6 ,  and the  ca lcu la ted  by Eq. ( 5 . 4 7 ) .  

balloon rad ius  is  r ead i ly  found from the  reduced rad ius ,  
P 

rn . The i n t r i n s i c  e f f i c i ency  = 5. 3cA r(1-6) = - 
cV "L 

SEMI - QUANTITAT IVE RESULTS 

Numr ica l  r e s u l t s  depend upon values chosen f o r  the  la rge  number 

of p a r a m t e r s  required t o  describe the  h o t - a i r  balloon system. 

w e l l  e s tab l i shed  a r e  

F a i r l y  

K = about 1.5 x LOm5 gm/cal (oxygen--hydrocarbons) 

K = 1.0 - 1.5  x lom5 cal c m  sec (see Appendix A )  Q -2 -1 
C 

More uncer ta in  are 5 and fBB. 

5 = 0.1 gm cal sec ,  fBB = 2. 

upon the  f a b r i c  chosen and the  maximum temperature i t  must withstand. 

For ho t - a i r  balloons operating at  under 8OoC, Mylar could be used, 

Reasonable values might be 

t b p b ,  depends Balloon a r e a  dens i ty ,  -1 

2 and 0.003 gm/cm would be a reasonable value f o r  t he  area dens i ty .  

For higher temperatures nylon laminates are requi red ,  which are sub- 

s t a n t i a l l y  heavier (see Chapter V I ) .  

A t y p i c a l  ca l cu la t ion  f o r  a Mylar h o t - a i r  balloon, operating at  

the  optimum 8 i n  the  Mars lower atmosphere e i t h e r  at  n ight  o r  under 

o ther  conditions where s o l a r  r a d i a t i o n  i s  no t  absorbed, gives the  
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following r e s u l t s  f o r  6 and the "reduced radius" [r(l-c)]. 

The i n t r i n s i c  e f f i c i ency  m / which i n  t h i s  case i s  equal t o  

the  parameter 5, i s  a monotonically increas ing  func t ion  with (pm ). 
P 

The t a b l e  above shows t h a t  i n t r i n s i c  e f f i c i ency  decreases rap id ly  

with durations longer than several minutes -- correspondingly,the 

necessary balloon radius increases.  

P mL' 

Although the  a c t u a l  numerical r e s u l t s  depend upon p a r t i c u l a r  

parameter choices, t he  conclusion appears inescapable t h a t  t h e  hot- 

air balloon f o r  Mars i s  only p r a c t i c a l  i f  t he  f l i g h t  i s  very sho r t  

o r  i f  t h e  balloon can be sun-powered. It may be w e l l  t o  po in t  out 

e x p l i c i t l y  why h o t - a i r  balloon experience on Earth cannot be ca r r i ed  

over d i r e c t l y  t o  Mars. 

Mars' atmosphere and Ear th ' s  t h a t  bear on the  operation of ho t - a i r  

balloons. 

by a t  least a f a c t o r  of 10 than  i s  Ear th ' s  atmosphere at a similar 

a l t i t u d e .  A f a c t o r  of 10 i n  dens i ty  acts t o  reduce IJ. by a f a c t o r  

of 100, f o r  similar a i r  temperatures. The balloon must therefore  

be l a rge r  t o  be buoyant, which means a g r e a t e r  rate of heat loss .  

Moreover,Mars' atmosphere i s  de f i c i en t  i n  oxygen; the  mass of f u e l  

p lus  oxid izer  t h a t  must be ca r r i ed  on Mars i s  (including tankage) 

roughly fou r  times the  mass of f u e l  alone t h a t  would be required on 

Earth. This means t h a t  duration, i f  achieved by f u e l  combustion, 

is  purchased at  a high p r i ce .  

There are two important d i f fe rences  between 

One i s  t h a t  t h e  lower atmosphere of Mars i s  less dense 

THE SUN-POWEWD HQT-AIR BALLOON 

Mentioned earlier was t h e  p o s s i b i l i t y  of e l imina t ing  the  f u e l  

requirement (except perhaps during i n i t i a l  f i l l i n g )  and operating 
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during t h e  day at  a superheat achieved e n t i r e l y  by r a d i a t i v e  exchange 

with the  environment. 

temperatures previously mentioned, by t a i l o r i n g  the  r a d i a t i o n  proper- 

t i es  of t h e  balloon f a b r i c ,  may not be t h e  bes t  way. 

probably be trapped e f f i c i e n t l y  by using a multi- layer balloon, t he  

outermost layer  t ransparent  t o  s o l a r  r ad ia t ion ,  but absorbing i n  
t h e  in f r a red ,  then wi th in  t h i s  envelope one o r  more l aye r s  of o ther  

f a b r i c s  t o  absorb t h e  inc ident  sunl ight .  (The inner  layers  would 

The method of achieving high equilibrium 

Sunlight could 

have openings t o  allow a i r  c i r c u l a t i o n . )  

"greenhouse balloon" has not been performed, but it might be worth 

exploring s ince  a mul t i layer  system would give g r e a t e r  f l e x i b i l i t y  -- 
and probably higher superheats -- than the  s ing le - f ab r i c  model 

adopted here. 

wi th in  t h e  outer  envelope, t he  c i r c u l a t i o n  of t he  a i r  in s ide  could 

be inh ib i t ed  so t h a t  the  temperature of t h e  outermost f a b r i c  layer ,  

t h e  outer  sk in  of the  balloon, would be reduced with a corresponding 

lower rate of heat loss t o  t he  outside air .  

The ana lys i s  of such a 

It a l s o  seems poss ib le  t h a t  s ince  t h e  heating occurs 

Even with a balloon whose hea t ing  i s  mainly derived from the  

sun, during f l i g h t s  l a s t i n g  more than seve ra l  minutes it would 

probably s t i l l  be des i r ab le  t o  have the  a b i l i t y  t o  add hea t  occa- 

s iona l ly  by means of a burner t o  make up f o r  unexpected buoyancy 

changes. Buoyancy would decrease, f o r  example, i f  t he  balloon d r i f t e d  

over new ground t h a t  had a lower emissive power, i f  haze i n  t h e  a t -  

mosphere reduced t h e  e f f e c t i v e  s o l a r  constant,  o r  i f  t he  ambient a i r  

temperature rose .  

passed between the  balloon and t h e  sun, t h e  f l i g h t  would be over. 

Even i f  e f f e c t i v e  s o l a r  heating can be achieved, it would be 

Of course, a t  n i g h t f a l l  o r  i f  an extended cloud 

des i r ab le  t o  use a hea te r  t o  w a r m  t h e  air i n i t i a l l y  a t  the  t i m e  the  

balloon i s  f i l l e d .  

of speeding t h e  launch and, i n  the  case of a sur face  launch, of 

providing g r e a t e r  l i f t  near t he  sur face .  

i n  t h e  low atmosphere during the  day i s  h ighes t  near the  sur face ,  

t h i s  i s  the  poin t  where buoyancy i s  most d i f f i c u l t  t o  achieve. 

Such a p rac t i ce  would have t h e  advantage both 

Since the  a i r  temperature 
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For sun-powered h o t - a i r  balloons,  

- Os 
T + 8  ' 

S 
cv - 

I f  a m l t i - l a y e r  "greenhouse" balloon i s  used, C 

mation over a l l  t h e  f i lms  toge ther .  

would be a sum- A 

2 Again, assuming a f a b r i c  area dens i ty  of 0.003 gm/cm f o r  t he  

balloon f a b r i c ,  the  following t a b l e  gives some t y p i c a l  ca lcu la ted  

performance c h a r a c t e r i s t i c s  f o r  a sun-powered h o t - a i r  balloon 

operating i n  the  Martian atmosphere near t he  sur face .  

r( 1-c) (meters) 

Contrast  the  0.0015-cm t h i c k  superpressure balloon i l l u s t r a t e d  
-1 i n  Fig.  5. For t h a t  balloon p = 2 kg , r(1-5) = 1.1 m. 

A t  t h i s  t i m e  t he  p r a c t i c a l i t y  of the  sun-powered balloon re- 

mains t o  be proved. 

and merits more d e t a i l e d  inves t iga t ion .  

But i t  appears t o  be an i n t e r e s t i n g  p o s s i b i l i t y ,  

GENERAL REMARKS 

The h o t - a i r  balloon i s  i n t r i n s i c a l l y  f a r  less e f f i c i e n t  than 

t h e  buoyant-gas balloon, so it must be l a r g e r  i n  s i z e  t o  car ry  the  

same payload. The l a r g e r  s i z e  increases  launching problems, i f  tihe 

balloon i s  t o  be launched from t h e  ground. 

would be t o  f i l l  t he  envelope by allowing air  t o  flow i n  during the  

i n i t i a l  descent of t he  i n s t r u m n t  package through t h e  Mars atmosphere. 

This method has t h e  advantage of eliminating the  mass of a s p e c i a l  

A poss ib le  v a r i a t i o n  
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blower, and i t  also keeps the  balloon f a b r i c  away f r o m t h e  ground 

and i t s  hazards. 

of t h e  system, however. 

It obviously l i m i t s  t he  app l i ca t ions  and f l e x i b i l i t y  

Another disadvantage of t h e  ho t - a i r  balloon i s  t h a t ,  unless hea t  

losses  are p a r t i a l l y  o r  e n t i r e l y  made up by absorption of s o l a r  energy, 

only very short-duration f l i g h t s  are f e a s i b l e  on Mars. F l i g h t s  longer 

than a few minutes e n t a i l  hopelessly i n e f f i c i e n t  balloon designs. 

Unfortunately, t h e  sun-powered ho t - a i r  balloon, i f  indeed i t  i s  a 

workable idea,  w i l l  be very s e n s i t i v e  t o  changes i n  the  r a d i a t i o n  

environment and i n  t h e  ambient air  temperature. 
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V I .  BALLOON FABRICS 

In  e a r l i e r  chapters of t h i s  r epor t  the t h e o r e t i c a l  aspec ts  of 

balloon operation were examined, and it was found t h a t  t h e  performance 

of a balloon both d i r e c t l y  and i n d i r e c t l y  depends upon t h e  c h a r a c t e r i s t i c s  

of t h e  balloon f a b r i c .  Physical p roper t ies  such as thickness,  dens i ty ,  

t e n s i l e  s t r eng th ,  and r a d i a t i v e  emissivity have a l ready  appeared i n  our 

ana lys i s ;  but t h e r e  a r e  o the r  important proper t ies  t h a t  must be 

considered. For example, a f a b r i c  chosen must survive s torage  f o r  

many months under t h e  conditions of deep space: e.g., poss ib le  

temperature extremes and high f luxes  of energe t ic  particles.  Then 

having withstood these  conditions,  i t  must perform r e l i a b l y  i n  a n  

atmosphere t h a t  may have unfavorable c h a r a c t e r i s t i c s :  ozone i n  t r a c e  

amounts, high W i n t e n s i t i e s ,  and lower temperatures than are found 

i n  our own atmosphere. 

I n  t h i s  chapter,  a number of balloon f a b r i c s  cu r ren t ly  ava i l ab le  

o r  under development a r e  discussed. The parameters t h a t  determine' the 

f a b r i c ' s  s u i t a b i l i t y  f o r  our purpose a r e  given where they are known. 

Since none of t h e  cu r ren t ly  ava i l ab le  balloon f a b r i c s  is  i d e a l ,  w e  

conclude the  chapter with some suggestions f o r  u se fu l  research i n  

balloon f a b r i c s .  

PARAMETERS TO BE CONSIDERED 

Mechanical Parameters 

The general physical  c h a r a c t e r i s t i c s  of a f a b r i c  a r e  of prime 

importance i n  eva lua t ing  i ts  s u i t a b i l i t y  f o r  balloon use. Here they 

are discussed i n  some d e t a i l .  

Radiation Absorption 

A s  w a s  ind ica ted  i n  the  chapter on the  theory of balloons, 

t he  temperature of the  gas i n  t h e  balloon s t rongly  influences t h e  
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performance c h a r a c t e r i s t i c s  of any given balloon system, including 

f i n a l  a l t i t u d e  of f l o a t i n g ,  s t a b i l i t y  i n  a l t i t u d e ,  and duration of 

f l i g h t ,  among o the r s .  The equilibrium gas temperature i s  a s t rong  

function of t he  absorption and emission c h a r a c t e r i s t i c s  of the  f a b r i c  

i n  various portions of t h e  electromagnetic spectrum. I n  t h i s  chapter 

the  absorption c h a r a c t e r i s t i c s  (when ava i l ab le )  of a given material 

a r e  ind ica ted  f o r  t h e  u l t r a v i o l e t ,  t h e  v i s i b l e ,  and the  in f r a red  

portions of  the  spectrum. 

Environmental-Problem Parameters 

Chemical. Because many f a b r i c  mater ia l s  are de le t e r ious ly  a f f ec t ed  

by atmospheric gases such a s  ozone and water vapor, it is necessary t o  

examine t h e  f a b r i c  with these  e f f e c t s  i n  mind. Water vapor e x i s t s  

only i n  trace amounts i n  the  Martian atmosphere, and hence, some f a b r i c s  

may be s u i t a b l e  whose only disadvantage i s  t h e  de l e t e r ious  a c t i o n  of 

t h i s  gas.  

Radiation d l s t r i b u t i o n .  It i s  necessary t o  ind ica t e  the  e f f e c t  of 

ion iz ing  r a d i a t i o n  and u l t r a v i o l e t  r a d i a t i o n  on the  mechanical proper t ies  

of the  f a b r i c s .  The former i s  a hazard during the  long f l i g h t  t o  Mars; 

an in t ense  f l u x  of ion iz ing  p a r t i c l e s  may be encountered along the  way, 

and it is poss ib le  t h a t  the  h u l l  of t he  spacecraf t  w i l l  not s u f f i c e  t o  

p ro tec t  t h e  f a b r i c .  U l t r av io l e t  r a d i a t i o n  must be considered, because 

although the  i n t e n s i t y  of s o l a r  r a d i a t i o n  a t  t h e  top of t h e  Martian 

atmosphere i s  only ha l f  t he  i n t e n s i t y  reaching Ear th ' s ,  t he  

Martian atmosphere may p e r m i t  a s i g n i f i c a n t  f l u x  of u l t r a v i o l e t  t o  

penetrate t o  lower a l t i t u d e s .  

Temperature. Because of t h e  low temperatures expected on Mars, and 

the  possibly high temperatures i n  t r a n s i t  and re -en t ry ,  i t  i s  necessary 

t o  know t h e  temperature range over which the  f a b r i c  maintains i ts  

i n t e g r i t y .  Further i t  i s  important t o  know the  e f f e c t  of poss ib le  

t r a n s i e n t  peaks i n  the  temperature beyond t h i s  range, and the  c a p a b i l i t y  

of  t h e  f a b r i c  f o r  recovery. 

Other Problems 

Storage. 

approaching a year ,  it is  necessary t o  determine whether such s torage  times 

reduce t h e  r e l i a b i l i t y  of the balloon. 

Since balloons w i l l  have t o  be i n  space f o r  periods 
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Abrasion. D e s p i t e  a l l  precautions, during many phases of t h i s  

mission a balloon may be subjected t o  considerable chafing. Hence, it 

i s  necessary t o  know how much abras ive  a c t i o n  the  f a b r i c  can withstand. 

Minimum and maximum thickness.  While it i s  c e r t a i n l y  advantageous 

t o  minimize the  t o t a l  mass of f a b r i c  i n  a balloon, it i s  c l e a r  t h a t  

s t r u c t u r a l  i n t e g r i t y  sets a minimum thickness on a given f a b r i c .  

S imi la r ly ,  although l a r g e  superpressure balloons demand th icker  

mater ia l ,  t he re  is  a maximum thickness beyond which the  f a b r i c  cannot 

be formed successfu l ly  i n t o  a balloon. 

Manufacturing problems. Although many balloon mater ia l s  may meet 

a l l  other c r i t e r i a  and thereby c o n s t i t u t e  an a t t r a c t i v e  choice, i t  is  

necessary t o  know whether d i f f i c u l t i e s  during f a b r i c a t i o n  reduce the  

r e l i a b i l i t y  of t he  f in i shed  balloon. 

S t e r i l i z a t i o n  of f a b r i c .  The problem of contamination of t h e  

planet Mars by inadver ten t ly  car ry ing  v i ab le  microorganisms from 

Earth has  been widely discussed. It i s  l i k e l y  t h a t ,  throughout a l l  

phases of Mars explora t ion ,  scrupulous standards of s t e r i l i z a t i o n  w i l l  

be requi red .  Since t h e  most e f f e c t i v e  s t e r i l i z a t i o n  procedures include 

hea t  soaking a t  a temperature of 120 C--150 C ,  an important consideration 

i s  the  balloon f i l m ' s  a b i l i t y  t o  withstand t h i s  treatment.  

Mylar, t h e  mater ia l  most f requent ly  mentioned i n  t h i s  r epor t ,  a s  

cu r ren t ly  a v a i l a b l e ,  probably cannot be subjected t o  the  heat soaking 

without weakening of t h e  seams and deformation of t h e  material. 

may, therefore ,  be necessary t o  seek some o ther  form of s t e r i l i z a t i o n  - 
perhaps by chemical means, a s  by soaking the  mater ia l  i n  ethylene 

oxide. 

0 0 

For example, 

* 
It 

No so lu t ion  t o  the  s t e r i l i z a t i o n  problem can be given now, but it 

c l e a r l y  i s  an a rea  f o r  research before balloons can be  used s a f e l y  i n  

Mars atmosphere. 

* 
FEP-Fluorocarbon does not have t h i s  disadvantage; see Table 3 .  
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STUDIES OF FABRICS FOR BALLOON USE 
Although balloons have been ava i lab le  f o r  research use f o r  many 

years ,  i t  i s  surpr i s ing  how l i t t l e  information has been developed 

on possible  f ab r i c s  and t h e i r  c h a r a c t e r i s t i c s .  This i s  not  t o  say 

t h a t  each developer of a balloon mater ia l  has not t e s t ed  h i s  product 

t o  determine the basic  mechanical c h a r a c t e r i s t i c s ,  but r a the r  t h a t  e s sen t i a l ly  

none of t he  mater ia ls  have been t e s t ed  with regard t o  a l l  the  c r i t e r i a  

discussed above. 

For ex tens ib le  balloons,  only two f ab r i c s  have been used i n  

t h i s  country - rubber and neoprene - and although t h e i r  basic  

c h a r a c t e r i s t i c s  a r e  t o  be found i n  any good chemical handbook, such 

items a s  the  problems encountered i n  manufacturing balloons go 

unmentioned because they have been lumped i n  the  general  category of 

"manufacturing secrets . " 
For nonextensible balloon f a b r i c s ,  two programs have been conducted 

i n  the  past  decade, which attempt t o  determine some of t he  cha rac t e r i s t i c s  

of cur ren t ly  used l ightweight p l a s t i c  f i lms .  The f i r s t  of these programs 

was par t  of a general  balloon-research project  conducted a t  the  University 

of Minnesota, Physics Department, (6*1) between 1951 and 1955 under an 

Army, Navy, and A i r  Force con t r ac t .  A s  par t  of t h i s  pro jec t ,  

polyethylene and Mylar were considered ( the l a t t e r  mater ia l  being a 

polyester  developed by DuPont). 

conducted by General M i l l s  , Inc.  , (6*2) under an A i r  Force contract  between 

1955 and 1958. On t h i s  p ro jec t ,  once again,  t he  emphasis was on 

polyethylene and Mylar, primarily because these mater ia ls  had proved s o  

useful .  Some extremely l imited inves t iga t ion  was conducted on other  

possible  f ab r i c s .  

The second program was s p e c i f i c a l l y  one on balloon f ab r i c s  

Spec i f i ca l ly  f o r  high-temperature ho t - a i r  balloons,  two r e l a t i v e l y  
l ightweight f ab r i c s  have recent ly  been tes ted  by Raven Indus t r i e s .  ( 6 . 3 )  

These two a r e  an acryl ic-coated r ip-s top  nylon, and Mylar-laminated 

r ip-s top  nylon. 

f a b r i c s ,  but they represent  the only consideration t h a t  has been given 

t o  ho t - a i r  balloon mater ia ls  i n  t h i s  country for  t he  past  s i x t y  years.  

(For hot -a i r  balloons operating a t  moderate temperatures (<80 C)  , spec ia l  

f ab r i c s  may be unnecessary .) 

As ye t  only l i m i t e d  tests have been run on these 

0 
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A TABULATION OF PARAMETERS 
I n  Table 3 are l i s t e d  the  f a b r i c s  mentioned above (rubber, 

neoprene, Mylar, polyethylene, and the  spec ia l  ho t - a i r  f a b r i c s )  t h a t  

have been used successfu l ly  f o r  balloons on Ear th .  We have a l s o  

included ava i l ab le  information on FEP-Fluorocarbon, a "nonextensible" 

p l a s t i c  t h a t  appears t o  o f f e r  c e r t a i n  important advantages. It i s  

unaffected by s o l a r  u l t r a v i o l e t  and has  a very wide temperature range. 

It might be an i d e a l  mater ia l  f o r  ho t - a i r  balloons,  o r  f o r  equal-pressure 

buoyant-gas balloons,  although i t s  r e l a t i v e l y  high dens i ty  c o n s t i t u t e s  

a minor drawback. 

A s  w i l l  be noted, Table 3 i s  charac te r ized  by a poverty of data 

t h a t  would permit an i n t e l l i g e n t  choice of a r e l i a b l e  f a b r i c  f o r  a 

Martian balloon. It i s  obvious t h a t  because of t h i s  s c a r c i t y  of usefu l  

information, any p ro jec t  t o  develop a Mars balloon must include a 

materials-research program t o  eva lua te  and choose the  b e s t  balloon 

f a b r i c  f o r  the  purpose des i r ed .  

It should be pointed out t h a t  those values of "elongation t o  breakt1 

fo r  p l a s t i c  f a b r i c s  quoted i n  Table 3 may be misleading. Many of t he  

nonextensible mater ia l s  show a n  elongation-to-break approaching - and 

i n  some cases even exceeding - t he  percentage of elongation of ex tens ib le  

ma te r i a l s .  It should be noted, however, t h a t  i n  the p l a s t i c  nonextensible 

ma te r i a l s ,  these  elongations r e f e r  t o  a test s i t u a t i o n  where t h e  stress 

has  been wel l  beyond the  e l a s t i c  l i m i t  of t h e  ma te r i a l s ;  and i n  many 

cases ,  the  p l a s t i c  has a c t u a l l y  undergone some flow. The stress 

applied t o  these  mater ia l s  when used as balloons i s  w e l l  below t h a t  

which w i l l  produce such elongations.  I n  balloon operations the  mater ia l  

i s  never purposely s t r e s s e d  beyond the  region where Hooke's Law a p p l i e s .  

Hence, the a c t u a l  elongation undergone by the  nonextensible balloon is 

genera l ly  only a few percent a t  most. 

Table 4 gives information on the  e f f e c t s  of W r a d i a t i o n  on r ep resen ta t ive  

p l a s t i c s .  

admixture of W absorbing substances. 

[This problem can sometimes be a l l e v i a t e d  by coatings o r  
(6.4) J 

GENERAL RENARKS 

For ex tens ib le  balloons the  only cu r ren t ly  ava i l ab le  mater ia l s  

are rubber and neoprene. Unfortunately, both have ser ious  drawbacks. 
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radia-  
t ion 
(hours) 

30 

60 

Table 4 
(6 -5) EFFECT OF ULTRAVIOLET RADIATION ON FOUR BALLOON MATERIALS 

Variation i n  the  decrease of t e n s i l e  s t rength according t o  
mater ia l ,  length of exposure, and environment (nitrogen 
versus vacuum). 
a r c  lamp (G.E. 630T8) a t  0.2537 p,. Materials  were exposed 
a t  room temperature. 

Source of r ad ia t ion ,  monochromatic mercury 

- 
Mylar 

Vacuum N2 

18 (6) * 
26 (3) * 

Length Decrease i n  t e n s i l e  s t rength (per cent)  f o r  
of ir- mater ia l  spec i f ied  i n  environment spec i f ied  

90 

120 

150 

34 2 

38 9 

40 15 

I 

Remarks Ref. c ind ica te ,  
t h a t  Mylar be- 
comes b r i t t l e  
a t  -7OOC a f t e r  
exposure t o  >O . I  
watt-hr/cm2 
W rad ia t ion  
a t  0.312 - 
0.332 p,. It 
a l s o  indi-  
ca t e s  t h a t  
de t e r io r -  
a t i o n  is  less 
when exposure 
occurs a t  
lower temps 

Polyethylene 

Vacuum N2 

7 (7) * 
59 1 2  

65 25 

70 34 

73 38 

Becomes b r i t -  
t l e  a t  room 
temp.  a f t e r  
long exposure 

Nylon 

Vacuum N2 

7 3 .5  

15 9.5 

25 1 2  

37 16 

46 18 

Surface 
becomes 
gummy a f t e r  
exposure. 

Acrylon 

Vacuum N2 

(1.5)* 

10 5 

23 15 

27 1 7  

30 18 

* 
Percentages i n  parentheses represent  minus values - i .e.,  an 

improvement i n  t e n s i l e  s t rength .  
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There is  a conspicuous need f o r  a mater ia l  t h a t  can withstand (1) low 

temperature (of t he  order of -100 C) and (2) u l t r a v i o l e t  r a d i a t i o n .  

For t h i s  reason o the r  mater ia l s  t h a t  have not  thus f a r  been considered 

f o r  balloons should be inves t iga ted .  (An example of such a rubber-l ike 

mater ia l  is the  "inorganic rubber" phosphoni t r i l i c  ch lor ide  .) 

0 

For the  equal-pressure balloon (and t h e  h o t - a i r  balloon), t h e  y e t  

untested material FEP-fluorocarbon appears t o  have many advantages. 

It i s  always poss ib le ,  however, t h a t  manufacturing problems or  o ther  

d i f f i c u l t i e s  would preclude i t s  use f o r  balloons.  Polyethylene, 

the  f a v o r i t e  t e r r e s t r i a l  balloon f i lm ,  probably has  too  l imited a 

temperature range f o r  use on Mars, and i t  d e t e r i o r a t e s  under W 

i r r a d i a t i o n .  

Mylar with i t s  shortcomings appears t o  be the  only cur ren t  choice 

f o r  the  superpressure balloon. For t h i s  balloon, it would be des i r ab le  

t o  develop a material with high t e n s i l e  s t rength  t h a t  can withstand both 

high temperatures ( for  s t e r i l i z a t i o n )  and s o l a r  W.  No r ead i ly  

ava i l ab le  f i l m  appears t o  surpass Mylar, but with modifications 

c e r t a i n  p l a s t i c s  might serve.  For example, Cellulose Tr i ace t a t e  

has t h e  one disadvantage of being very permeable t o  gases; otherwise, 

i t s  c h a r a c t e r i s t i c s  appear q u i t e  favorable-perhaps it could be 

coated t o  render i t  impermeable. Nylon (HT-1, a high temperature 

modification) i s  f a i r l y  s t rong  and has an adequate r e s i s t ance  t o  high 

temperatures. However, i t s  quoted lower-temperature l i m i t  i s  only -50 C 

and i ts  r e s i s t ance  t o  W i s  not outstanding. Polyurethane 

f i lms ,  although not q u i t e  a s  s t rong  a s  Mylar, have a wide temperature 

to le rance  and resist  environmental d e t e r i o r a t i o n .  They have not  y e t ,  

however, been ex tens ive ly  s tudied .  (6  * 6 )  

balloon f a b r i c  problem merits f u r t h e r  inves t iga t ion ,  s ince  no cu r ren t ly  

a v a i l a b l e  f a b r i c  f u l f i l l s  a l l  of t he  requirements. 

0 

C l e a r l y  t he  superpressure- 
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VII. OTHER NECESSARY ELEMENTS I N  BALLOON-SYSTEM DESIGN 

The choices of buoyant gas ,  balloon types,  and balloon f ab r i c s  

have a l l  been discussed i n  preceding chapters .  Other elements 

t h a t  e n t e r  i n t o  the design of the t o t a l  bal loon system are discussed 

i n  t h i s  chapter: launching methods, methods f o r  locat ing the f l o a t -  

ing balloon, and such design questions as the  balloon shape and how 

loads are ca r r i ed .  

L a u n c h i n g  M e t h o d s  

I n  t h i s  s ec t ion  w e  consider possible  launching methods i n  view 

of t he  unce r t a in t i e s  of Martian conditions and the  p e c u l i a r i t i e s  

of bal loon systems, 

The prevalent  procedure f o r  launching nonextensible l i g h t  -gas 

balloons on Earth is  as follows: The balloon i s  unfolded, i s  

p a r t i a l l y  in f l a t ed ,  i s  allowed t o  assume a f u l l y  extended pos i t i on  

v e r t i c a l l y  over t he  payload, and then i s  re leased .  The balloon, 

being r a t h e r  f r a g i l e ,  can e a s i l y  be destroyed i f  it is subjected 

t o  large forces  while r e s t r a ined .  Pa r t  of the balloon is  s l ack  when 

it leaves the  ground (and hence presents  a la rge  p o t e n t i a l  sail  

area t o  the  wind), and t h i s  por t ion  is  most vulnerable t o  the wind 

i n  the moments j u s t  before launching. For t h i s  reason, a p r a c t i c a l  

l i m i t  has been set on the  maximum wind ve loc i ty  i n  which one should 

attempt t o  launch a nonextensible balloon. This l i m i t  i s  15 knots.  ( 7  1) * 

* 
We are here  descr ibing the  launching problems of a nonextensible 

bal loon,  but  the same problems apply t o  one composed of an  ex tens ib le  
f a b r i c ,  al though, as such a balloon i s  genera l ly  launched i n  a t a u t  
state , those problems are not q u i t e  so severe.  
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Many methods have been suggested and t r i e d  f o r  pro tec t ing  

bal loons from high winds. I n  some, the p a r t i a l l y  i n f l a t e d  balloons 

are she l te red  under covers of var ious s o r t s  o r  behind windscreens. 

Other attempts have employed the  technique of "reefing" o r  squeezing 

together  t he  u n f i l l e d  por t ion  of t h e  balloon t o  decrease the  area 

exposed t o  the  wind and thus minimize the  tendency f o r  t h i s  port ion 

t o  act as a sail .  Most of these  methods have been successfu l  t o  

one degree o r  another.  

f o r  increasing the  r e l i a b i l i t y  of a balloon launching: 

They have pointed t o  two bas ic  pr inc ip les  

1. the smaller the  bal loon area exposed t o  the  wind, t he  g rea t e r  

the p robab i l i t y  of a successful  launching; 

the  sho r t e r  t he  period t h a t  the bal loon is  exposed t o  the  

wind i n  a r e s t r a ined  state,  the  g r e a t e r  the probabi l i ty  of 

a successfu l  launching. 

2 .  

Let  us examine the  problem of launching a bal loon from the  sur face  

of Mars i n  the  l i g h t  of these two p r inc ip l e s .  

LAUNCHING FROM THE SURFACE OF MARS 

No matter how extensive our information on the  surface conditions 

on Mars before the  landing of t h e  balloon-bearing capsule,  two 

unce r t a in t i e s  w i l l  remain: 

(1) There w i l l  be uncer ta in ty  i n  our a b i l i t y  t o  pred ic t  the  

wind vector  -- even f o r  a very sho r t  fo recas t  period. 

There w i l l  be uncer ta in ty  i n  our knowledge of the s p e c i f i c  

topography of the a c t u a l  landing poin t .  
(2 )  

Conditon (1) suggests t h a t  w e  cannot be confident that winds w i l l  not 

be hazardous during i n f l a t i o n  unless  s h e l t e r  i s  provided. Condition 

( 2 )  suggests t h a t  even i f  the  winds were predic tab le ,  
* 

the  topography 

* 
The wind fo rce  on a balloon i s  proport ional  t o  (among o ther  

parameters) the  atmospheric densi ty  and the  wind ve loc i ty  squared. 
While it is  t r u e  t h a t  t he  atmospheric dens i t  
is about 0.1 of t h a t  a t  sea l eve l ,  Earth,(  7 . 3 )  t he  uncer ta in ty  i n  the  
wind ve loc i ty  as expressed above negates t h i s  p o t e n t i a l  reduct ion 
i n  the  wind hazard. 

a t  the  surface of Mars 
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(rock outcroppings, etc .) makes i n f l a t i o n  hazardous unless t he  balloon 

is  she l te red .  If t h e  gas-generation ra te  were slow, these hazards 

wou Id be magnified . 
The experience of bal loon users  on Earth and t h e  two pr inc ip les  

f o r  increasing the  r e l i a b i l i t y  c i t e d  above are a guide t o  the  

design of a bal loon i n f l a t i o n  method su i ted  t o  the  uncer ta in  environ- 

ment of Mars. 

Figure 7 suggests such a method. I n  p a r t  (a) of t he  f igu re ,  

the  capsule has landed (and r igh ted  i t s e l f ,  i f  necessary).  

upper port ion of t he  capsule is  a padded compartment i n  which t h e  

balloon i s  s o  folded as t o  permit gas of the  necessary volume t o  

e n t e r  the  upper p a r t  of t h e  bal loon without d i s turb ing  the  u n f i l l e d  

lower port ion.  Attached t o  the bal loon is  the  co i led  load l i n e ,  

and t o  i t ,  the  payload. Deeper i n  the  capsule is  the  gas-generation 

o r  -storage u n i t ,  connected (by a hose t h a t  can be disconnected 

and sea led)  t o  the  upper port ion of the  balloon. 

t e c t i v e  cover ( f o r  atmospheric en t ry )  has been remved,  the balloon 

compartment remains protected from the  Martian sur face  by a f l e x i b l e  

membrane t h a t  i s  geometrically expandable -- possibly by having 

been s p i r a l l y  pleated i n  packing. It i s  v isua l ized  t h a t  the  

pro tec t ive  membrane w i l l  f o l d  out as the  bal loon i n f l a t e s .  I n  the 

balloon compartment t he  pressure i s  the  same as the atmospheric 

pressure a t  the  sur face  of Mars. 

I n  the  

After  the  pro- 

* 

P a r t  (b)  of F ig .  7 i l l u s t r a t e s  t he  balloon i n f l a t e d  with the 

gas required t o  accomplish i t s  mission, the  membrane f u l l y  expanded 

but  s t i l l  enveloping the  upper pa r t  of the ba l loon ,  ac t ing  as a 

buf fer  between i t  and the atmosphere. I n  t h i s  configurat ion t h e  

balloon i s  protected from possible  abrading wind-blown debr i s ,  and 

the  s l ack  port ion of the  bal loon is not a t a r g e t  f o r  t he  wind. 

Within limits, it can be held i n  t h i s  configurat ion f o r  launching 

when des i red .  Also, wi th in  limits, t h i s  launching system permits 

* 
A material s u i t a b l e  f o r  t h e  membrane might be a somewhat 

th icker  shee t  of the p l a s t i c  material used f o r  the  nonextensible 
balloon. 
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Fig. 7 - Conceptual drawing of Martian ground launch: (a) package ready for 
activation; (b) balloon protected during inflation; ( c )  release; 

(d) unextended rise; ( e )  extended rise 
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a r a t h e r  wide l a t i t u d e  of acceptable gas-generation rates. P a r t  ( c )  

shows t h e  membrane collapsed and the  bal loon r i s i n g  above the  

capsule.  

It w i l l  be noted t h a t  both the  u n f i l l e d  pa r t  of t h e  bal loon and the  

load l i n e  are s t i l l  folded, and the  payload i s  he ld  t i g h t l y  under 

the  f i l l e d  port ion of t he  balloon. The r e t e n t i o n  of t h i s  compact 

configurat ion i s  an attempt t o  pro tec t  the  bal loon and payload during 

the i n i t i a l  moments of the  launch. Of course,  with the protected 

configurat ion,  i t  i s  conceivable t h a t  the wind might be measured 

before the  launch and the  bal loon kept under cover u n t i l  s a f e  

conditions prevailed.  

both f u l l y  extended and r i s i n g  i n  the  Martian atmosphere. 

Pa r t  (d)  shows the bal loon a t  a somewhat g rea t e r  a l t i t u d e .  

Pa r t  (e)  shows the balloon and load l i n e  

While the  method described i s  obviously f o r  the case of t he  

launch of a s ing le  bal loon with a r e l a t i v e l y  small i n i t i a l  volume 

of gas,  the same method may be appl icable  t o  a la rge  number of 

small ex tens ib le  balloons launched from a s ing le  locat ion.  I n  the  

latter case, the  launching capsule might cons i s t  of many small ce l l s ,  

each containing one balloon and each covered by i t s  expanding mem- 

brane. The gas could be supplied from indiv idua l  sources or  from 

a c e n t r a l  system. 

The method described i s  ce r t a in ly  not the only way of remotely 

launching a balloon from the  surface under possibly hazardous condi- 

t i o n s .  It i s  f e l t ,  however, t h a t  t h i s ,  o r  a similar system (although 

s t i l l  needing engineering inves t iga t ion)  o f f e r s  an uncomplicated and 

apparently r e l i a b l e  method of meeting the  cri teria f o r  a remote 

surf ace launching. 

When considering a ho t - a i r  balloon, i t  i s  apparent from 

Chapter V t h a t  such a balloon, while nonextensible,  i s  completely 

f i l l e d  before leaving the ground. I f  one i s  t a lk ing  about a rela- 

t i v e l y  small ho t - a i r  balloon, the  method described above may s t i l l  

apply.  I n  f a c t ,  i f  the  pro tec t ive  cover i s  t ransparent  i n  

the  v i s i b l e ,  i t  i s  conceivable t h a t ,  by dayl ight ,  t h e  cover would be 

employed as a "greenhouse," and thereby s o l a r  energy could a i d  i n  

heat ing the  balloon a i r .  If the balloon is  la rge  r e l a t i v e  t o  the  

Mars capsule,  it w i l l  be necessary e i t h e r  t o  i n f l a t e  t h i s  balloon 
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i n  the open with a l l  the a t tendant  hazards (noting of course that  

the wind can be measured before the i n f l a t i o n  -- thereby allowing 

one t o  choose a t i m e  when the  r i s k s  are somewhat reduced), o r  t o  

i n f l a t e  i t  i n  the  a i r  on the  way down, as is  discussed below. 

THE AIR LAUNCHING OF BALLOONS ON NARS 

Another method of contending with the  uncer ta in  environment 

a t  t he  sur face  of Mars i s  t o  avoid i t  completely by launching the  

balloon before the  capsule lands.  

t h i s ,  a parachute i s  deployed, from which i s  suspended the main 

Mars capsule .  

of the parachute [pa r t  (a) of Fig.  81. When f i l l e d ,  the balloon 

and the  payload are separated from the  top  of the parachute as i n  

pa r t s  (b) and ( c )  of F ig .  8 .  

system w i l l  work; the  major questions concern i t s  disadvantages 

and advantages i n  comparison t o  a surface-launching system. 

I n  a system t h a t  might accomplish 

The balloon and balloon payload are at tached on t o p  

There i s  no quest ion t h a t  such a * 

One major disadvantage i s  contained i n  the general  quest ion of 

r e l i a b i l i t y ;  only i n  t h i s  case it may a f f e c t  t he  r e l i a b i l i t y  of the  

e n t i r e  Mars mission because the  balloon being i n f l a t e d  is  i n  d i r e c t  

contact with the  parachute of the main capsule.  It i s  c e r t a i n l y  

conceivable that f a i l u r e  during i n f l a t i o n  could damage the  para- 

chute and, hence, damage o r  destroy the  main payload. O f  course 

sa fe ty  measures could be taken, but each would add another degree 

of complexity t o  the system. The balloon and i t s  payload might be 

at tached t o  i t s  own parachute before i n f l a t i o n .  This ,  however, 

would requi re  t h a t  the gas o r  hea t  source be lowered with the  

balloon. The two parachutes,  even though smaller, c o n s t i t u t e  a 

mass penalty t h a t  may not be o f f s e t  by the e l imina t ion  of the  su r -  

face-launching equipment. One disadvantage of t h e  pre-landing 

launch is t h a t  t he  t i m e  ava i l ab le  f o r  i n f l a t i o n  i s  r a the r  l imited.  

* 
The ys  e m  described w a s  ac tua l ly  developed by the  U .  S. 

A i r  Force * 3 5  f o r  the purpose of dropping balloon-carried payloads 
i n t o  the eye of a hurr icane and having them f l o a t  there  f o r  
extended periods,  providing a n a l y t i c a l  and t racking  da ta .  
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lnflotion hose 

Fig.8 - Conceptual drawing of Martian air launch during planetfal 
(s) deployment; (b) inflation; (c) separation 
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I n  the  case of t h e  l ight-gas  balloon, the  t i m e  l imi t a t ion  may 

restrict  the choice of gas-supply devices t o  some t h a t  are t rouble-  

some t o  t r anspor t  from Ear th  o r  t h a t  requi re  a g rea t e r  energy input ;  

c l e a r l y ,  every demand f o r  g rea t e r  energy means less payload mass. 

The advantage of the  air-launching system may be obvious. Any 
t r u l y  r e l i a b l e  system of a i r  launching a bal loon during descent 

assures  the  s a f e  a r r i v a l  of one u n i t ,  whatever b e f a l l s  the  main 

capsule during landing; and t h i s  u n i t  could, i f  des i red ,  car ry  

instruments capable of completing i ts  mission independently of the  

main capsule and communicating the  r e s u l t s  t o  Earth.  A t  the  very 

least ,  as s t a t e d  i n  the  beginning, the  air  launch would avoid the  

uncer ta in ty  of sur face  condi t ions.  A var i an t  on the  air-launching 

method described w a s  suggested and has ac tua l ly  been t r i e d  by one 

of the balloon-design groups. ( 7 ' 4 )  I n  t h i s  technique, i f  applied 

t o  our problem, the  f a l l  of the en t ry  capsule deploying the balloon 

would be slowed, and the  balloon f i l l e d  as i t  streams behind the  re- 

en t ry  body. To da t e  t h i s  method has been t e s t ed  at  r e l a t i v e l y  low 

v e l o c i t i e s ,  and i t  remains t o  be shown t h a t  it w i l l  work equal ly  

w e l l  a t  the  higher v e l o c i t i e s  but lower d e n s i t i e s  t h a t  might be 

encountered i n  the  Martian atmosphere. I f  successfu l ,  such a method 

has the  obvious advantage of not  requir ing the  extra mass of a 

s p e c i a l  parachute f o r  the bal loon.  It does s u f f e r ,  however, from 

the disadvantage of allowing only a r e l a t i v e l y  sho r t  t i m e  f o r  the  

gas-generation system t o  complete i t s  t a sk .  Certainly i t  appears 

t h a t  the p o t e n t i a l  n e t  advantage of such a method warrants f u r t h e r  

research.  

I n  summary then,  it appears conceptually possible  t o  provide 

both a surface-launching system and an  air- launching system. Each 

has i t s  own degree of r e l i a b i l i t y  and foreseeable  advantages and 

disadvantages.  It is  not  possible ,  a t  t h i s  s tage  of the considera- 

t i o n  of a Mars balloon system, t o  determine uniquely which method 

o f fe r s  the  most promise of successful  mission; i t  is possible  t o  

determine only t h a t  methods worthy of f u r t h e r  s tudy do e x i s t .  
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P o s i t  i o n - F  i n d i n g  M e t h o d s  

Many of the experiments suggested i n  Chapter I1 r equ i r e  

determinations of t h e  balloon's three-dimensional pos i t ion  during 

i ts  f l i g h t .  

are t o  be in t e rp re t ed  and i f  observations of surface f ea tu res  are 

t o  be sca l ed .  

i s  g r e a t l y  enhanced by knowing where on the  p lane t  the  observations 

were made. 

Its a l t i t u d e  must be known i f  geophysical measurements 

Moreover, t he  value of the explora t ion  of t he  surface 

There are three  classes of posit ion-f inding systems: ( 1) 
self-contained on the  balloon, (2 )  s ta t ioned  e n t i r e l y  a t  the "home 

base," and ( 3 )  i n t e r a c t i n g .  The problem of determining the  loca t ion  

of an  instrumented capsule placed on the  planet e x i s t s  f o r  any m i s -  

s i on  t h a t  sof t - lands  instruments. It w i l l  no t ,  t he re fo re ,  be d i s -  

cussed a t  length here .  There are many posit ion-finding methods t h a t  

might be considered f o r  balloons.  

t i v e l y  i n  the  remainder of t h i s  s ec t ion .  

A number are discussed qua l i t a -  

A r e  ographic a1 Pos it i o n  

A l l  instruments on the  balloon. The measurement of time and 

s o l a r  e l eva t ion  a t  the balloon's pos i t ion  serves t o  loca te  it on a 

circle around the  sub-solar point.  Three or more such measurements 

during a day would def ine  the loca t ion  i f  the  balloon were s t a t i o n a r y .  

I f  an a r t i f i c i a l  s a t e l l i t e  has been put i n t o  o r b i t  around the  

p lane t ,  measurements on the  balloon of t h e  doppler e f f e c t  i n  the  

satel l i te ' s  r a d i o  s i g n a l  w i l l  loca te  the  ba l loon ' s  pos i t i on .  

b i g u i t i e s  i n  t h i s  determination could be resolved by combining t h i s  

method with a rough measurement of the s o l a r  e l eva t ion  angle.  

Am- 

Transmitter only on the  balloon. The l ine-of -d i rec t ion  from 

the  home base t o  the  balloon could be determined by means of a 

d i rec t ion- f ind ing  antenna a t  the  home base; and the  balloon's 

ve loc i ty  away from the  base could be measured by t h e  doppler s h i f t  

of i t s  r ad io  s i g n a l .  These two measurements would approximately 
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i nd ica t e  the  balloon's course. Since the width of an antenna beam 

increases w i t h  d i s t ance ,  the inaccuracy of an angular measurement 

increases as the  balloon d r i f t s  away from the  home base. 

I f  two r ece ive r s  near the  home base were separated by a long 

base l i n e  and the  balloon transmitted a modulated s i g n a l ,  the d i f -  

ference of a r r i v a l  t i m e  of t he  s i g n a l  a t  the  two r ece ive r s  would 

serve t o  place the  balloon on a hyperbola. 

length and d i r e c t i o n  of the base l i n e  must be accura te ly  known and 

the  balloon's path must make an appreciable angle with the  base l ine .  

Of course, both the  

Two-way systems. The range of t he  balloon can be accura te ly  

determined by a pulse-transponder system. A v a r i a t i o n  on pulse 

transponding is two-way doppler, a system much used f o r  m i s s i l e  

t rack ing .  Both systems are fami l i a r  i n  mi l i t a ry  appl ica t ions .  

Al t i tude  

Using atmospheric measurelnents. When the  temporal (and s p a t i a l )  

v a r i a t i o n  of pressure with a l t i t u d e  is  known, a l t i t u d e  can be ap- 

proximately determined on plars, j u s t  as on Earth,  using an aneroid 

barometer ca l ib ra t ed  f o r  Mars. Any o ther  atmospheric parameter 

found t o  be a r e l a t i v e l y  constant func t ion  of a l t i t u d e  could be 

used equally w e l l .  

TrackinP durinn balloon launch. I f  t he  balloon is launched 

from the  sur face ,  i t  r ap id ly  reaches an approximately constant 

terminal ve loc i ty  (see Appendix C ) .  

continue t o  r ise u n t i l  i t  reaches i t s  f l o a t i n g  a l t i t u d e .  I f  the  

winds are weak, t h i s  r ise w i l l  be approximately v e r t i c a l  over the  

home base, s o  t racking  during t h i s  phase of t he  f l i g h t ,  by doppler 

or  transponder, w i l l  permit t he  f l o a t i n g  a l t i t u d e  t o  be determined. 

The balloon i n  i t s  f l i g h t  may s t i l l  vary i n  a l t i t u d e ,  but t h i s  

motion would be measurable from the  balloon i t s e l f  by barometric 

instruments. 

A nonextensible balloon w i l l  

Radio altimeter. A l l  of the  altimetric methods c i t e d  so  f a r  

measure only the  he ight  above some standard l e v e l ,  not the height 
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above the l o c a l  sur face .  I f  payload l imi t a t ions  permitted,  a 

small r ad io  altimeter could be used t o  measure he ight  above the  

sur face  very accurately.  The instrument need not operate con- 

t inuous l y  . 
Timing drops.  I n  seve ra l  of the  experiments suggested i n  

Chapter 11, such objec ts  as smoke bombs, explosive charges, o r  

instruments are dropped from a balloon. I f  an objec t  has a simple 

aerodynamic shape, as does a sphere,  and t h e  atmospheric param- 

eters are known, the  t i m e  i t  takes  f o r  the  objec t  t o  drop (measured 

on the  bal loon by some s i g n a l  produced when t h e  object  reaches the  

sur face)  is  a func t ion  of t he  l o c a l  height  of the  balloon. 

i f  t he  objec t  i s  parachuted, an approximation of a l t i t u d e  could 

be derived, although a crude one. 

Even 
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B a l l o o n  C o n f i g u r a t i o n s  

Geometric bal loon shape. Throughout the  body of t h i s  repor t ,  

i n  discussing the volume of gas ,  w e  have assumed t h a t  the balloon 

was sphe r i ca l .  

pu ta t ion  of performance, and agrees c lose ly  with r e a l i t y  i n  t h e  

case of t he  ex tens ib le  balloon, it should be pointed out t h a t  the 

shape of a nonextensible balloon usua l ly  devia tes  considerably 

from a sphere.  This devia t ion  r e s u l t s  from an attempt t o  design 

a balloon t h a t  i s  i n  the  shape t h a t  a confined bubble of gas tends 

t o  assume when a load i s  at tached t o  the  lower pa r t  of the en- 

velope. 

the  "natural  shape," t he  longi tudina l  stresses across  the  seams 

(which are frequent  causes of balloon f a i l u r e )  are almost com- 

p l e t e ly  el iminated.  I n  i ts  perfected form, the  "natural-shape" 

balloon i s  f l a t t e n e d  a t  the top ,  with the  equa to r i a l  bulge i n  

i t s  upper por t ion ,  and then a gradual t ape r  t o  the  bottom where 

the  load i s  a t tached .  Addit ional  information on t h i s  design may 

be found i n  seve ra l  ava i l ab le  publ icat ions.  

While t h i s  assumption i s  adequate f o r  t h e  com- 

It has been found t h a t  when a balloon i s  produced i n  

(7.1,7.5) 

Load-carrying configurat ions.  Normally, the  payload of a 

The length 
* 

balloon is suspended from beneath on a load l i n e .  

of the  l i n e  depends on severa l  considerat ions.  Long load l i n e s  

imper i l  the  payload a t  launch i n  t h a t  they p ro t r ac t  the  post-  

launch period during which the  payload i s  endangered by surface 

obs tac les .  Somtimes,  however, the  experiment t o  be conducted 

r equ i r e s  a clear f i e l d  of view upward; then i t  i s  advantageous 

t o  hang the  payload as f a r  as possible  below the  bal loon t o  

minimize the apparent angular s i z e  of t he  obstruct ion t o  the  

f i e l d  of view. 

the  experiments, t he  period of the  payload's pendulum swing can 

Addit ional ly ,  depending on the  requirements of 

* 
The load i s  t r ans fe r r ed  t o  the  balloon by means of a 

s t r u c t u r e  a t  i t s  base.  
t o  which the  balloon f a b r i c  i s  clamped and the load l i n e  at tached.  

Normally t h i s  s t r u c t u r e  i s  a metal r i n g  
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be ad jus ted  by lengthening o r  shortening t h i s  l i n e .  Obviously, these  

three  considerations may lead t o  mutually incons is ten t  requirements 

f o r  a p a r t i c u l a r  payload. To a l l e v i a t e  t h i s  inconsistency, s eve ra l  

novel methods have been perfected t o  m e e t  t h e  pecul ia r  demands of a 

given instrument. I n  one, t he  sensing instrumentation requi r ing  an 

unimpeded zeni th  look angle ,  i s  placed on top of the  balloon, with a 

counterbalancing load suspended below. Although obviously the  t o t a l  

mass of such a sensor i s  l imited and such a mount presents some d i f f i -  

c u l t i e s  i n  launching, placement on top of t h e  envelope provides an  

i d e a l  pos i t i on  f o r  such a sensor.  

I f  i t  is  des i r ab le  f o r  t he  pendulum a c t i o n  of a suspended pay- 

load t o  be damped, the  payload can be d i s t r i b u t e d  along the  load l i n e .  

Properly designed, t he  r e s u l t i n g  double o r  t r i p l e  pendulum quickly 

damps out any tendency of the  payload t o  swing. When, f o r  one reason 

o r  another ,  a dangerously long load l i n e  must be used, t he  load l i n e  

may be kept "snubbed" during the  launch period and then, a t  a s a f e  a l -  

t i t u d e ,  permitted t o  extend t o  f u l l  length. 

The methods described above i l l u s t r a t e  t h a t  t he re  i s  considerable 

f l e x i b i l i t y  i n  the  placement of payloads on balloons,  with a consequent 

f l e x i b i l i t y  i n  the  choice of experiment and launching environment. 
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V I I I .  NUMERICAL EXAMPLES 
ILLUSTRATING THE CAPABILITIES OF BALLOONS 

Given the  discussion presented i n  t h e  previous chapters ,  it is 

now possible  to  examine the  c a p a b i l i t i e s  of balloons i n  the  l i g h t  of 

spec i f i c  examples. Rather than choosing e n t i r e l y  a r b i t r a r y  examples, 

th ree  were se lec ted  from among reasonable balloon missions, t o  

i l l u s t r a t e  the  modes of balloon uses described i n  Chapter 11. 

examples are:  (I) the  ex tens ib le  balloon a s  a v e r t i c a l l y  t rave l ing  

sensor platform, (2) the  superpressure balloon a s  a long-duration, 

hor izonta l ly  t rave l ing  sensor platform, and (3) the  equal-pressure balloon 

as  a conveyance. 

These 

Jr 

The Extensible Balloon a s  a Ver t ica l ly  Traveling 
Sensor Platform 

An extens ib le  balloon has a shor t  l i f e ,  and i t s  sampling coverage 

is  roughly one-dimensional - upward from the  launching area.  For a 

minimal descr ip t ion  of t h e  atmosphere (which va r i e s  i n  t i m e  a s  

w e l l  a s  three-dimensionally i n  space),  a number of v e r t i c a l  passes a r e  

required.  I f  we assume t h a t  a meteorologically s ign i f i can t  t i m e  i n t e r v a l  

between samples i s  (as on Earth) several  hours, ten v e r t i c a l  passes 

might be a s a t i s f a c t o r y  minimum. 

For our example, then, w e  take a system of ten  iden t i ca l  balloons 

and payloads t h a t  can be  launched successively a t  s ign i f i can t  i n t e rva l s .  

W e  s h a l l  assume t h a t  w e  wish t o  measure c e r t a i n  standard meteorological 

* 
Despite the  po ten t i a l  value of the hot -a i r  balloon a s  a conveyance, 

it was decided t h a t ,  because i t s  f e a s i b i l i t y  i s  uncertain,  no numerical 
example would be included beyond what i s  presented i n  Chapter V. 
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parameters (such as pressure,  temperature,and humidity), f o r  which 

extremely l i g h t  sensors  have been o r  can be developed. 

do not  r equ i r e  long-range and wide-band telemetry o r  l a rge  amounts of 

power. Under these  assumptions, w e  s h a l l  examine two possible  payload 

masses, 0.1 kg and 1.0 kg f o r  each balloon. To see t h e  e f f e c t  of  t he  

design maximum a l t i t u d e  on the  system parameters, w e  s h a l l  choose two 

dens i ty  a l t i t u d e s  t h a t  appear r e a l i s t i c ;  they a r e  5 x lom5 and 1 x 10 

corresponding roughly t o  7-25  and 29-57 km (see Chapter 111). 

Such measurements 

- 5  3 
gm/cm , 

A summary of t he  f indings is  tabulated below. The ana lys is  

of the  four cases ,  which w i l l  follow the  methods of Chapters I1 and V, 

i s  spe l led  out following the  t a b l e .  

For a ten-balloon I -- with a pay- I -- i t  requi res  a I -- which occu- 
system t o  reach a 
densi ty  a l t i t u d e  1 each balloon I from Earth of I the  spacecraf t  
of -- I of -- I about -- I of about -- 
- - - - - - - - - ~ - - - - - - - - C - - - - - - - - ~ - - - - - - - - -  

4 3  

4 3  

I load mass i n  I t o t a l  mass l i f t e d  I pies  a volume on 

I 0.1 kg I 11 kg I 1 . 6  x 10 c m  

I 1.0 kg I 6 3  kg I 7 . 6  x 10 cm 
I. 

8 . 2  x 10 4 3  c m  I 0.1 kg I 6 3  kg 

I 1.0 kg I 152 kg I 19.0 x 10 cm3 

I I 5 x gm/cm3 I 

t I 
i I 

I 
I I 

4 1 x gm/cm3 I 
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Density of f a b r i c  
(neoprene o r  rubber) 

VERTICALLY RISING PLATFORM 

Pb = 

Parameters Common t o  
the  Four Cases Values 

Unstretched thickness of 
f a b r i c  

tu = 0.036 c m  

F ina l  thickness of f a b r i c  

Factor of t o t a l  s t re tcha-  
b i l i t y  

tf = c m  

4f = 6 

Balloon temperature 
parameter (assumed) 

Acceleration parameter 

Mo 1 ec u l  a r  -we igh t r a t i o  

Gas-transport system's 
mass r a t i o  

Buoyant-gas l i f t i n g  
e f f i c i ency  

Payload densi ty  (assumed) 

Gas-transport system's 
volume r a t i o  

Packing r a t i o  of f a b r i c  

Factor t o  allow f o r  
"extra masst' 

Factor r e l a t i n g  t o  "back 
pressure" on material 

A = 1.1 

h = 0.1 

Bo = 14.5 

t / m  = 0.92  

in 
-E = 1.0 gm cmm3 
V 

P 
- Vt = 15.0 
m 

g 
f = 0.8 

F = 2.0 
P 

Pf = 1.0 

* 
Notes 

* 
Notes follow the  four t ab le s .  
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VERTICALLY RISING PLATFORM: CASE 1 

Payload mass: 0.1 kg; dens i ty  a l t i t u d e :  5 x gm/cm3 

I t e m  

Radius of unstretched balloon 

Mass of f a b r i c  f o r  each balloon 

Mass c a r r i e d  by each balloon 
(gas excluded) 

lYCntrinsic balloon efficiency" 

"Total mass efficiency" 

"Volumetric e f f ic iency"  

Mass of buoyant gas f o r  each 
balloon 

Mass of gas-transport  system 
(including gas generated), 
prorated f o r  one balloon 

Vo lune of gas- t r  anspo r t sys tern, 
prorated f o r  one balloon 

Volume of each packed balloon 

Tota ls  f o r  ten-balloon system 
(including f a c t o r  F) 

TOTAL MASS: 

TOTAL VOLUME: 

Values 

r = 19 c m  

mb = 0.17 kg 

= 0.27 kg 

U 

m 
-32 = 0.37 
?L 

mp/% = 0.09 

Vp/VT = 0.06 

m = 0.024 kg 
8 

m = 0.266 gm t 

3 Vt = 360 c m  

3 Vp = 340 c m  

11.0 kg 

1.6 x 10 c m  4 3  

Notes 
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VERTICALLY RISING PLATFORM: CASE 2 

3 Payload mass: 1.0 kg; dens i ty  a l t i t u d e :  5 x loo5 gm/cm 

I t e m  

Radius of unstretched balloon 

Mass of f a b r i c  f o r  each balloon 

Mass c a r r i e d  by each balloon (gas 
excluded) 

" I n t r i n s i c  balloon ef f ic iency"  

"Total mass ef f ic iency"  

"Volumetric e f f ic iency"  

Mass of buoyant gas f o r  each balloon 

Mass of gas-transport  system (including 
gas generated), prorated f o r  one balloon 

Volume of gas-transport  system, 
prorated f o r  one balloon 

Volume of each packed balloon 

Tota ls  f o r  a ten-balloon system (in- 
cluding f a c t o r  F) 

TOTAL MASS: 

TOTAL VOLUME: 

Va l u e  

r = 35 c m  

mb = 0.6 kg 

% = 1.6 kg 

U 

m 
A2 = 0.636 
"L 
mp/% = 0.16 

Vp/Vr = 0.13 

m 0.14 kg 

m = 1.55 kg 

g 

t 

3 V =: 2,100 cm 
t 

3 
Vp = 710 c m  

63 kg 

7.6 x 10 c m  4 3  
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VEXTICALLY RISING PLATFORM: CASE 3 

-5 3 Payload mass: 0.1 kg; dens i ty  a l t i t u d e :  10 g m / c m  

I t e m  

Radius of unstretched balloon 

Mass of f a b r i c  f o r  each balloon 

Mass ca r r i ed  by each balloon (excluding 
gas) 

I'Intr i n s i c  balloon ef f ic iency"  

"Total mass efficiency' '  

"Volumetric efficiency" 

Mass of buoyant gas f o r  each balloon 

Mass of gas-transport  system (includ- 
ing gas generated), prorated f o r  
one balloon 

Volume of gas-transport  system, 
prorated f o r  one balloon 

Volume of each packed balloon 

Totals f o r  a ten-balloon system 
(including f ac to r  F) 

MTAL MASS: 

TOTAL VOLUME: 

Value 

r = 58 cm 
U 

m,, = 1.5 kg 

= 1.6 kg 

m 
-E = 0.061 m L 
m p / y  = 0.016 

VP/VT = 0.012 

m = 0.14 kg 

m = 1.55 kg 
g 

t 

3 Vt = 2,100 cm 

3 Vp = 1,900 cm 

63 kg 

8.2 x 10 cm 4 3  
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VERTICALLY RISING PLATFORM: CASE 4 

-5 3 Payload mass: 1.0 kg; dens i ty  a l t i t u d e :  10 gm/cm 

I t e m  

Radius of unstretched balloon 

Mass of f a b r i c  f o r  each balloon 

Mass c a r r i e d  by each balloon 
(excluding gas) 

" I n t r i n s i c  balloon ef f ic iency"  

I'Tota1 mass e f f ic iency"  

"Volumetric e f f ic iency"  

Mass of buoyant gas f o r  each balloon 

Mass of gas t r anspor t  system (in- 
cluding gas generated) , prorated f o r  
one balloon 

Volume of gas-transport  system, 
prorated f o r  one balloon 

Volume of each packed balloon 

Tota ls  f o r  a ten-balloon system 
(including f a c t o r  F) 

TOTAL MASS: 

TOTAL VOLUME: 

r = 79 cm 

% = 2.8 kg 

= 3 . 8  kg 

U 

m 
-E = 0.26 

mp/% = 0.066 

Vp/VT = 0.052 

m = 0.34 kg 

m = 3.8  kg 

"i, 

g 

t 

Vt = 5.1 x 10 3 3  c m  

Vp = 3.5 x 10 3 3  cm 

152 kg 

19 x 10 cm 4 3  
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NOTES FOR THE VERTICALLY RISING PLATFORM 

Typical values f o r  ex tens ib le  mater ia l ,  See Chapter V I ,  Table 3. 

Appendix C.  

From Chapter V I ,  Table 3. 

From the assumed BeH chemical gasogene; see Appendix B. 

This is  an assumed value.  The r e s u l t s  a r e  not p a r t i c u l a r l y  

2 

s e n s i t i v e  t o  va r i a t ions  i n  t h i s  parameter. 

An assumed value t o  allow fo r  ex t r a s .  Although d i f f i c u l t  
t o  es t imate  a t  t h i s  point ,  it is  f e l t  t h a t  ex t ras  w i l l  
not more than double the t o t a l  mass. 

Chapter V, sec t ion  on ex tens ib le  balloons.  

Discussed i n  Chapter 11. 

See Eq. (5.13). 
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The Superpressure Balloon as a Float inn Platform 

The f l i g h t  durat ion of a Mylar superpressure balloon, ca re fu l ly  

fabr ica ted  and properly designed t o  remain f u l l y  i n f l a t e d  during t h e  

ent i re  d iurna l  temperature cycle ,  is l imited only by the  eventual 

de t e r io ra t ion  of the f a b r i c .  Present uncertainty of t h e  f l u x  of 

u l t r a v i o l e t  r ad ia t ion  near the  Martian sur face  does not permit an 

accurate  predict ion,  but t o  say t h a t  such a balloon w i l l  remain a l o f t  f o r  

many hours,  and probably f o r  many days, appears s a fe .  It is ,  therefore ,  

i dea l  as a platform t o  ca r ry  instruments t o  study the  atmosphere and the  

p l ane t ' s  sur face  as the  balloon d r i f t s  with t h e  wind. The p o s s i b i l i t i e s  

afforded by such experiments were discussed i n  Chapter 11. 

For numerical examples, consider two payloads; 1 kg and 10 kg. 

These f igu res  include both the  instrument package and such aux i l i a ry  

equipment as the  telemetry t ransmi t te r ,  the  beacon gondola, and t h e  

cont ro l  valves and c i r c u i t s .  

a t  an a l t i t u d e  in the  Martian atmosphere where t h e  atmospheric densi ty  
-5 is  about 5 x 10 

The proper t ies  of the  balloon f a b r i c  w i l l  be taken from Chapter V I  

of t h i s  r epor t ;  t h e  ana lys i s  w i l l  follow the  methods of Chapters I1 
and V. 

buoyant gas. The chemical gasogene BeH discussed i n  Appendix B, is 
hypothesized f o r  t h i s  appl ica t ion .  

The balloons are designed t o  f l o a t  

gm/cm3 o r  roughly 7 t o  25 km (see Chapter 111). 

On the  bas is  of g rea t e s t  e f f ic iency ,  hydrogen i s  chosen a s  the  

2'  
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HORIZ0NTAL;LY TRAVELING SENSOR 

Parameters common t o  both cases 

I t e m s  

Atmospheric densi ty  a t  f i r s t  
a l t i t u d e  of f u l l  i n f l a t i o n  

Thickness of f a b r i c  

Density of f ab r i c  

Packing r a t i o  of f ab r i c  

Balloon temperature parameter 

Payload density (assumed) 

Buoyant-gas l i f t i n g  e f f ic iency  

Mo lec ular -we igh t r a t  i o  

Gas-transport system's mass 
r a t i o  

Gas - t rans  por t s ys t e m  ' s vo lune 
r a t i o  

Factor t o  allow f o r  "extra 
mass" 

Derived quan t i t i e s  

cV 

cA 

c1 

Values 

-5 3 = 5 x 10 gm/cm "i 

tb = 0.0015 c m  

pb = 1.4 

f p  = 0.8 

x = 0.85 

mp/vp = 1.0 

"L 
0.92 - =  

m 

Bo = 14.5 

mg/mt = 0.09 

Vt/mg = 15.0 

F = 2.0 

3 

2 

4.7 x g m / c m  

2.1 x gm/cm 

2.07 x lom3 gm 
-1 

Notes 
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HORIZONTALLY TRAVELING SENSOR: CASE 1 

Payload mass: 1 .O kg 

Items 

I-lrnP 
' ' I n t r in s i c  balloon ef f ic iency"  

"Total mass eff ic iency" 

Volumetr ic  eff ic iency" 

Mass of buoyant gas 

Balloon rad ius  

Balloon mass ( f ab r i c  only) 

Mass of gas-transport  system 
(including gas generated) 

Volume of packed balloon 

Volume of gas-transport  system 

Tota ls ,  including f ac to r  F 

TOTAL MASS: 

TOTAL VOLUME: 

Values 

2.07 

m p / t  = 0.41 

tup/% = 0.11 

VP/VT = 0.09 

m = 210 gm 
g 

r = 2.3 m 

3 
Vp = 1300 c m  

Vt = 3150 cm3 

9.4 kg 

1.1 x 10 crn 4 3  

Notes 
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HORIZ0NTAZ;LY !CRAVELING SENSOR: CASE 2 

Payload mass: 10 kg 

Items 

c"mP 
I ' Intr insic  balloon eff ic iency" 

I'Total mass ef f ic iency"  

"Total volumetric eff ic iency" 

Mass of buoyant gas 

Balloon radius  

Balloon mass ( f ab r i c  only) 

Mass of gas- t ransport  system 
(including gas generated) 

Volume of packed balloon 

Volume of gas-transport  system 

Totals including f ac to r  F 

TOTAL MASS: 

TOTAL VOLWE: 

Values 

20.7 
m 

= 0.68 
% 
tup/% 0.17 

Vp/VT = 0.15 

m = 1.3 kg 

r 4.2 m 

g 

% = 4.7 kg 

m = 14.5 kg t 

Vp 0.42 x 10 4 3  em 

vt 
4 3  = 1.9 x 10 em 

58 kg 

6.6 x 10 cm 4 3  
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NOTES FOR THE HORIZONTALLY TRAVELING SENSOR 

See Chapter 111. 

Typical values f o r  Mylar, see Table 3. 

This is an assumed value.  The r e s u l t s  are no t  p a r t i c u l a r l y  
sensitive t o  t h i s  parameter. 

See Appendix A.  

From Table 3. 

For the  assumed BeH chemical gasogene, see Appendix B. 

An assumed value t o  allow f o r  ex t r a s .  

See Eq. (2.13). 

See Eq. (2.18). 

Defined i n  Chapter 11. 

Discussed i n  Chapter 11, see Eq. (2.2). 

See Eq. (2.8). 

See Eq. (2.17). 

2 
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The Equal-Pressure Balloon a s  a Conveyance 

A s  a means of t ranspor t ing  heavy loads on t h e  p lane t ,  t h e  equal- 

W e  w i l l  assume pressure buoyant-gas balloon e spec ia l ly  is e f f e c t i v e .  

t h a t  t h e  balloon f a b r i c  i s  Mylar, so many of t h e  parameters of t he  

superpressure case c a r r y  over t o  t h i s  one. 

w e  w i l l  consider a 100-kg payload. 

b e  hydrogen c a r r i e d  a s  t h e  compound BeH 

po r t a t ion  i n  t h e  lower atmosphere w e  assume a somewhat higher a i r  
3 dens i ty  (7 x loe5 gm/cm ) than i n  t h e  previous case. 

w i l l  be made f o r  b a l l a s t  on t h e  assumption t h a t  duration longer than 

one day w i l l  not be requi red .  

A s  a numerical example, 

As before, t he  buoyant gas w i l l  

Since t h e  ob jec t  is  t rans-  2 '  

No provision 

m p / y  and V /V do Ef f i c i enc ie s  f o r  t h e  t o t a l  balloon system, 
P T  

no t  have t h e  same r e a l  s ign i f icance  f o r  a balloon used a s  a conveyance 

a s  they do f o r  o ther  balloon appl ica t ions .  However, t he  payload 

mass and volume a r e  a r b i t r a r i l y  included i n  the  ca l cu la t ions  f o r  t h e  

equal-pressure balloon i n  order t o  preserve uniformity wi th  t h e  

numerical examples previously given. 

* 

The notes c i t e d  i n  t h e  superpressure balloon example apply here  

as w e l l ,  except f o r  t h e  formula f o r  C which is Eq. (5.31). V' 

* 
When t h e  balloon's primary purpose i s  t o  move a package from a 

spot where t h a t  package has once served i t s  func t ion  t o  another loca t ion ,  
i t  may not make sense t o  include the  mass and volume of t he  " f re ight t1  
i n  t h e  " t o t a l  balloon-system mass." Whether t h e  payload should o r  should 
not be included f o r  a f a i r  comparison of t h e  system depends on t h e  r o l e  
of t he  balloon i n  t h e  t o t a l  space mission. 
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CONVEYANCE 

Items 

Atmospheric densi ty  a t  a l t i t u d e  of 
f i r s t  f u l l  i n f l a t i o n  

Thickness of f a b r i c  

Density of f ab r i c  

Packing r a t i o  of f a b r i c  

Buoyant-gas l i f t i n g  e f f ic iency  

Molecular weight r a t i o  

Gas-transport mass r a t i o  

Ga s - t ranspor t  vo lume r a t  i o  

Factor t o  allow f o r  ex t ra  mass 

Derived quan t i t i e s  1 &: 
" In t r in s i c  balloon eff ic iency" 

"Total mass eff ic iency" 

"Volumetric eff ic iency" 

Mass of buoyant gas 

Balloon rad ius  ( fu l ly  in f l a t ed )  

Balloon mass ( fabr ic  only) 

Mass of gas-transport  system 
(including gas) 

Volume of gas-transport  system 

Volume of packed balloon 

Totals  (including payload and f ac to r  F 

TOTAL MASS: 

TOTAL VOLUME: 

Va lues  

-5 3 7 x 10 gm/cm 
'i 

tb = 0.0015 e m  

p b  = 1.4 

f p  = 0.8 

t / m  = 0.92 

go = 14.5 

in /m = 0.09 

Vt/mg = 15 

F = 2.0 

3 5.55 x gm/cm [see Eq. (5.31)] 

2.1 x g m / c m  

3.08 x loe3 gm 

g t  

2 

-1 

mp/% = 0.86 

mp/mT = 0.22 

Vp/mT = 0.23 

m = 10 kg 

r = 8.1 m 
g 

m,, = 16 kg 

m = 110 kg t 

5 3  c m  Vt = 1.5 x 10 
4 3  = 1.4 x 10 c m  vP 

450 kg 

4.3 x 10 cm 5 3  
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I X .  CONCLUSIONS AND SUGGESTIONS 

We s t a r t e d  t h i s  study with a discussion of i n t e r e s t i n g  experiments 

t o  be done on Mars t h a t  could be accomplished with the a i d  of balloons.  

We proceeded t o  der ive a theory t h a t  permits us t o  examine quan t i t a t ive ly  

the  c a p a b i l i t i e s  of balloon techniques i n  any planetary atmosphere. I n  

addi t ion,  w e  have invest igated the  problems of t he  in te rp lane tary  

t ranspor ta t ion  of l i f t i n g  gases and have examined various aspects  of 

the  operat ion of complete balloon systems on Mars. 

study, w e  conclude t h a t  it appears f e a s i b l e  t o  use balloons a s  an a i d  

t o  the  explorat ion of Mars. 

A s  a r e s u l t  of t h i s  

S p e c i f i c  C o n c l u s i o n s  

(1) For a t o t a l  usable  payload (i.e., boosted t o  Mars), of less 

than 100 kg, i t  appears f e a s i b l e  (within the  unce r t a in t i e s  t h a t  exist)  

t o  accomplish such missions as, 

a. Launching 10 v e r t i c a l l y  r i s i n g  ex tens ib le  balloons with 

payloads of t he  order  of 0.1 kg, t o  a l t i t u d e s  exceeding t h a t  a t  
-5 3 which the dens i ty  is  10 

with payloads of t he  order  of 1 kg t o  an a l t i t u d e  exceeding t h a t  a t  

which t h e  densi ty  i s  5 x 10 gm/cm . 
gm/cm ; o r  launching an equal number 

-5 3 

b. Placing a hor izonta l ly  t r ave l ing  superpressure balloon 
-5 3 a t  an a l t i t u d e  exceeding t h a t  a t  which t h e  dens i ty  is 5 x 10 

and carrying a payload exceeding 10 kg. 

(2) 

g m / c m  , 

I f  t h e  t o t a l  usable payload ca r r i ed  t o  Mars is increased t o  

several thousand kilograms, l i f t i n g  more o r  heavier  payloads t o  higher 

a l t i t u d e s  than those suggested in  (1) becomes possible ,  o r  a l t e rna t ive ly ,  

one m i g h t  consider t ranspor t ing  by balloon (over t he  surface of Mars) 

loads of up t o  1000 kg. 
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(3) Shipping hydrogen t o  Mars as a high-pressure gas has  t h e  

advantage of being r e l a t i v e l y  simple, but presents  t echn ica l  problems 

i f  very high pressures are employed, and is  r e l a t i v e l y  i n e f f i c i e n t .  

Cryogenic t r anspor t  becomes e f f i c i e n t  only i f  t he  mass of t h e  gas 

exceeds a few kilograms; a hea t  source is needed t o  gas i fy  t h e  l i qu id .  

Chemical gasogenes promise both e f f ic iency  and convenience, but 

r equ i r e  extensive research. 

favorable a t  t h e  present wr i t i ng ,  but research on a l l  methods f o r  gas 

t ranspor t  i s  needed before a choice i s  made. 

It does not appear t o  be reasonable t o  consider t h e  u s e  of 

a ho t -a i r  balloon f o r  which a burner o r  combustion hea te r  suppl ies  

t he  hea t  fo r  maintaining t h e  f l i g h t .  This i s  due t o  t h e  r e l a t i v e l y  

sho r t  durations ava i l ab le  (of t h e  order of t ens  of minutes) f o r  la rge  

transported weights of combustible f u e l  and ox id ize r .  It it  i s  

poss ib le  t o  f i n d  a balloon f a b r i c  o r  design a " fabr ic  greenhouse" so 

t h a t  t h e  balloon s t rongly  absorbs so l a r  r ad ia t ion ,  and emits in f r a red  

only weakly, it may be f e a s i b l e  t o  plan a sustained f l i g h t  (i.e., during 

dayl ight  hours) of a solar-radiation-heated ho t - a i r  balloon. 

The chemical method appears most 

( 4 )  
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S U R E  e s t e d  R e s e a r c h  

Balloons appear t o  be promising candidates as vehic les  t o  t ranspor t  

exploratory instruments on Mars. But a question remaining is: "In 

what areas is our knowledge c r i t i c a l l y  de f i c i en t?"  

There are two a reas  i n w h i c h  research is  needed before such a 

system is  designed: 

Suggested l i n e s  of inquiry i n  these  two areas a r e  t r e a t e d  separa te ly  below. 

Nearly every phase of t h e  suggested balloon research has value f o r  

terrestrial app l i ca t ions  as w e l l  a s  cont r ibu t ing  t o  the  e f fec t iveness  

of a Mars expedition. 

research  on balloons themselves and research on Mars. 

BALLOONS 

Balloon f a b r i c s .  For nonextensible buoyant-gas balloons, research 
i s  needed on a f a b r i c  whose manufacture leaves no pinholes, and which 

can then b e  r e l i a b l y  formed in to  a balloon envelope t h a t  i s  f r e e  from 

s t r a i n s .  The f a b r i c  must be a b l e  t o  withstand s o l a r  u l t r a v i o l e t  

r a d i a t i o n  a t  somewhat higher levels than contemporary balloon f a b r i c s  

and may have t o  resist t r a c e  amounts of ozone. It should have a very 

high t e n s i l e  s t r eng th  and r e s i s t a n c e  t o  abrasion. 

b r i t t l e  a t  very low temperatures. 

q u a l i t i e s  during the  long periods of s torage  i n  space. 

s t a b i l i t y  i n  the  superpressure balloon, t h e  f a b r i c  should absorb 

ne i the r  sunl ight  nor far  in f r a red  s t rongly .  

capable of being s t e r i l i z e d .  

It should not become 

Furthermore, it must no t  l o se  these  

For temperature 

The f a b r i c  must be 

Mylar f i l l s  t he  requirements (except possibly f o r  s t e r i l i z a b i l i t y )  

However, it is  poss ib le  t h a t  f u r t h e r  a s  nea r ly  as any material today. 

research i n  Mylar laminates o r  i n  new "exotic" f i l m s  w i l l  t u rn  up 

something b e t t e r .  

When a f a b r i c  t h a t  appears s u i t a b l e  has  been found, laboratory 

research w i l l  be requi red  i n  order t o  determine t h e  temperature 

c h a r a c t e r i s t i c s  of the  f i l m  under simulated space s torage  and Mars' 

atmospheric conditions.  

f a b r i c  t o  appropr ia te  environmental tests. 

It w i l l  a l s o  be necessary t o  subjec t  t h e  

It may be that: new 
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f a b r i c a t i o n  and t e s t i n g  techniques w i l l  have t o  be developed t o  m e e t  

t h e  very s t r i n g e n t  r e l i a b i l i t y  requirements imposed on any remotely 

operated experimental device. 

For ex tens ib le  balloons, new f a b r i c s  should be sought t h a t  are 

i n s e n s i t i v e  t o  u l t r a v i o l e t  r a d i a t i o n  and ozone and t h a t  do not become 

b r i t t l e  a t  t h e  cold temperatures expected i n  Mars' atmosphere. Other 

des i r ab le  f ea tu res  would be the  a b i l i t y  t o  s t r e t c h  by a l a rge r  f a c t o r ,  

and t o  a smaller thickness,  than rubber o r  neoprene before bursting. 

Environmental t e s t i n g  requirements would be much the  same as f o r  

nonextensible balloons. 

Gas-transport methods. To achieve an e f f i c i e n t  balloon system, 

considerable research w i l l  be requi red  ea r ly  in t h e  program i n  t h e  form 

of a thorough study of t h e  whole problem of hydrogen t ranspor t  t o  

another p lane t .  

on hydrogen generation by thermal decomposition of beryllium hydride, bu t  

a s  emphasized i n  Appendix B,  it is  by no means c e r t a i n  t h a t  t h i s  method 

can a c t u a l l y  be developed in to  a workable gas-generation system. 

A number of o ther  promising r eac t ions  a r e  suggested i n  Appendix B.  

Successful use of a hydrogen-generating chemical r eac t ion  r equ i r e s  

compounds (1) t h a t  conta in  a l a rge  mass f r a c t i o n  of hydrogen, (2) t h a t  

are s t a b l e  fo r  long periods,  and (3) t h a t  can be made t o  release 

hydrogen i n  a way t h a t  is  both convenient and energy-stingy. 

method w i l l  only be developed through a thorough experimental program. 

And, of course, once a s a t i s f a c t o r y  r eac t ion  i s  found, lightweight 

miniaturized equipment such as r e a c t i o n  vessels and valves must be 

developed and combined i n t o  a system t h a t  is  capable of r e l i a b l y  

de l iver ing  hydrogen a t  t he  r a t e  required.  

The numerical examples i n  t h e  present r epor t  are based 

Such a 

Transport of hydrogen under high pressure might, on c lose r  

examination, prove t o  be a more favorable so lu t ion  than it appeared 

t o  be in  t h e  present study. It has t h e  advantage of s impl ic i ty  and 

t h e  capacity f o r  r ap id  gas generation. 

Cryogenic s torage  of l i qu id  hydrogen is  t r e a t e d  only b r i e f l y  in  

t h i s  r epor t .  

more op t imis t i c  i f  a more e f f e c t i v e  in su la t ing  material o r  i n su la t ion  

The mass estimates presented i n  Appendix B would be 
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method were found, o r  i f  a r e l i a b l e  closed-cycle l i q u i f y i n g  system 

of  low weight were developed. 

Mars balloons, gas t r anspor t  deserves spec ia l  emphasis. 

I n  the  t o t a l  program of research f o r  

Launchinn techniques. Remote launching r equ i r e s  l i g h t ,  compact, 

and r e l i a b l e  equipment. 

p a r t i c u l a r l y  the  problem of launching from t h e  ground - would be of 

g rea t  i n t e r e s t .  

An engineering study of t h i s  problem - 

MARS ' A'IMOSPHERE 

The greater t h e  amount of r e l i a b l e  da ta  on the  Martian atmosphere, 

t h e  b e t t e r  a given balloon system can be " ta i lored"  t o  i t s  mission i n  

t h a t  atmosphere. Today, r e l i a b l e  da t a  a r e  a l l  but nonexistent.  

Composition, temperature, and pressure a r e  known only wi th in  very 

broad l i m i t s .  

It may be impossible t o  form a s a t i s f a c t o r y  es t imate  of pressure 

and temperature before a probe ac tua l ly  e n t e r s  t h e  atmosphere (although 

ind i r ec t  methods may be found any day t h a t  give more precise answers 

than t h e  guesses of today). However, should observations of Mars be 
undertaken from a s a t e l l i t e  ou ts ide  Ear th ' s  atmosphere, t h e  

composition and chemistry of Mars' atmosphere would be much b e t t e r  

understood; i n  p a r t i c u l a r ,  it should be easy t o  determine the  ozone 

content by absorption spectroscopy, and t h i s  would lead t o  a b e t t e r  

estimate of t h e  u l t r a v i o l e t  f l ux .  

Every datum t h a t  is accumulated before t h e  t i m e  of a major 

landing expedition w i l l  be of use  t o  the  balloon designer; he should 

therefore ,  have every f a c i l i t y  f o r  keeping ab reas t  of t h e  information 

as it becomes ava i l ab le .  
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Appendix A 

BALLOON TEMPERATURE 

The temperature of the  gas i n  a balloon is ,  as s t a t e d  earlier, 

one of t he  most important of t he  parameters t h a t  govern the  balloon's 

performance, but i t  i s  a l s o  one of t h e  most d i f f i c u l t  t o  estimate. 

The h o t - a i r  balloon depends f o r  l i f t  so l e ly  on the  temperature d i f -  

ference across t h e  f a b r i c ;  t h e  l i f t  of buoyant-gas balloons, while 

not dependent s o l e l y  on t h e  temperature d i f f e rence  between the  gas 

in s ide  and the  a i r  outs ide ,  i s  much a f f ec t ed  by t h i s  parameter. 

Several physical  processes can t r a n s f e r  heat t o  o r  from t h e  balloon; 

i n  general  n e i t h e r  t he  gas nor the  f a b r i c  envelope w i l l  be isothermal. 

The quant i ty  w e  seek t o  estimate, which we call  the  "balloon temper- 

a ture ,"  i s  defined as t h e  temperature t h a t  an  isothermal bubble of 

gas would have i f  it occupied the  same volume as the  balloon gas at 
t h e  same pressure.  

equations of t h i s  repor t . )  

of heat flow t h a t  u l t imate ly  determine the  balloon temperature, and 

w e  estimate t h i s  parameter under a v a r i e t y  of conditions.  

(This i s  t h e  quant i ty  symbolized by T' i n  t he  

I n  t h i s  appendix we d i scuss  the  processes 

Direct H e a t  Transfer t o  Balloon Gas 

One process by which t h e  gas within the  balloon can d i r e c t l y  

ga in  or  lose  hea t  i s  d i r e c t  absorption of sunl ight  o r  i n f r a red  ra- 

d i a t i o n  o r  emission of i n f r a red  r ad ia t ion .  Both ammonia and methane 

have in f r a red  absorption bands, so d i r e c t  coupling between the  balloon 

gas and t h e  r a d i a t i v e  environment mst be considered i f  e i t h e r  of 

these  gases should happen t o  be used. 

absorbs in f r a red  r a d i a t i o n  and ne i the r  absorbs s o l a r  r ad ia t ion  except 

i n  the  vacuum u l t r a v i o l e t  p a r t  of t he  spectrum. 

Neither hydrogen nor helium 

The most important process f o r  the  t r a n s f e r  of hea t  i n t o  the  

balloon gas i s  f r e e  convection. 

ho t - a i r  balloon) convective t r a n s f e r  occurs only t o  and from the  

balloon envelope. 

gas wi th in  t h e  balloon would eventually reach a temperature 

Unless a heater is  used (as i n  the  

I f  t he  f a b r i c  temperature remained constant,  t h e  
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d i s t r i b u t i o n  i n  convective equilibrium with t h e  balloon envelope, 

corresponding t o  a p a r t i c u l a r  "balloon temperature" as discussed 

abwe .  

For temperature d i f fe rences  of a f e w  degrees, the  rate of hea t  

t r a n s f e r  can be considered t o  be d i r e c t l y  proportional t o  the  t e m -  

pera ture  d i f fe rence .  Even f o r  d i f fe rences  of t h e  order of 100 de- 

grees  centigrade,  t he  e r r o r  incurred by making t h i s  approximation 

i s  probably small compared t o  o the r  unce r t a in t i e s  i n  the  ana lys i s .  

Assuming a nitrogen atmosphere with temperatures and d e n s i t i e s  i n  

the  range spec i f i ed  i n  Chapter 111, the rate of hea t  t r a n s f e r  by 
f r e e  convection t o  t h e  outside a i r  i s  approximately, ( A 4  

- dQC w 1.0'~ A(AT) cal/sec . d t  

Terrestrial experience shows t h a t  a balloon responds rap id ly  -- 
within a few minutes -- t o  such changes i n  thermal environment as 

sunset.  

Another "direct" process t h a t  brings about temperature changes 

i n  t h e  balloon gas arises from the work t h e  gas does aga ins t  atmos- 

pheric pressure during t h e  balloon's ascent (o r ,  t he  work the  at- 

mosphere does on t h e  gas of an  equal-pressure balloon i f  it should 

descend). I f  t h e  process were ad iaba t i c  (it  can be e a s i l y  shown) , 
t h e  temperature of t h e  balloon gas would decrease with increasing 

a It i t ude  : 

where g i s  t h e  l o c a l  acce le ra t ion  of g rav i ty ,  and c i s  t h e  s p e c i f i c  

hea t  of t h e  balloon gas a t  constant pressure. 
* P 

The successive 

* 
The r a t i o  of t h e  cooling rate r t o  the  atmospheric ad iaba t i c  lapse 

M 
M M 1.1 f o r  a hydrogen-fil led balloon i n  a rg ('plair 2 

a ra (CpLas  g 
rate r is  - = 

ni t rogen  atmosphere. 
a balloon i s  s l i g h t l y  g r e a t e r  than I' . So the  ad iaba t i c  cooling rate f o r  hydrogen i n  

a 



-117- 

temperatures during t h e  balloon's rise are coupled t o  i t s  rate of 

rise, so balloon temperatures a c t u a l l y  should e n t e r  i n t o  the  equa- 

t i o n s  of motion. 

rate of rise, hence t h e  t e r m  "thermal drag" used by some writers. 
However, f o r  most appl ica t ions ,  t h e r e  i s  no need t o  study i n  d e t a i l  

the temperature of t h e  r i s i n g  balloon. 

t h a t  buoyancy i s  l o s t ,  i t s  rate of rise w i l l  slow t o  zero. Then, 

as it  approaches temperature equilibrium with t h e  atmosphere and 

t h e  r a d i a t i o n  environment, it w i l l  ( i f  properly designed) resume 

i t s  r i s e  t o  i t s  u l t ima te  f l o a t i n g  a l t i t u d e .  

The e f f e c t  of expansion cooling i s  t o  slow the 

I f  i t  cools t o  such a degree 

Generally, w e  w i l l  assume t h a t  t he  balloon temperature is a t  

i t s  equilibrium value. 

t h e  system suggests t h a t  such an equilibrium i s  rap id ly  es tab l i shed ,  

and t h i s  i s  borne out by experience. 

temperature i s  u l t imate ly  determined by exchange of heat with the  

f a b r i c ,  w e  now discuss  the  f a c t o r s  t h a t  cont r ibu te  t o  hea t  loss and 

ga in  by t h e  f a b r i c .  

The ca l cu la t ion  of t he  t i m e  constant f o r  

Since the  equilibrium balloon 

Heat Transfer t o  the  Balloon Fabr i c  

As  has been discussed, hea t  i s  t r ans fe r r ed  f r o m t h e  f a b r i c  t o  

t h e  gas in s ide  the  balloon by convection. 

therefore ,  a c t s  as a heat sink. 

t he  surrounding air by convection; "free" i f  t h e  balloon i s  s t a t iona ry  

with respec t  t o  t h e  surrounding air ,  "forced" i f  i t  i s  r i s i n g .  

vec t ion  tends t o  t i e  t h e  f a b r i c  temperature t o  t h e  temperature of t he  

surrounding air. 
fluenced by the  r a d i a t i o n  environment. 

absorbs sunl ight  and both day and night i t  absorbs in f r a red  r a d i a t i o n  

from the  ground. 

i t s  temperature and i t s  emiss iv i ty  i n  the  f a r  i n f r a red .  

t i o n  of sunl ight  depends upon the r e f l e c t i v i t y  and the  absorption 

c o e f f i c i e n t  of t he  balloon f a b r i c  f o r  t he  s o l a r  spectrum; i f  the  

f a b r i c  is  t ransparent  through p a r t  of the  s o l a r  spectrum (e.g. , Mylar) , 
t he  process i s  p a r t i c u l a r l y  complicated. 

The gas within the  balloon, 

The f a b r i c  a l s o  exchanges hea t  with 

Con- 

But t he  f a b r i c  temperature is a l s o  s t rongly  i n -  

During t h e  day, t he  f a b r i c  

A t  a l l  times it emits in f r a red  i n  accordance with 

The absorp- 

The absorption and emission 
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of t he  fa r - inf ra red  r ad ia t ion  s imi l a r ly  depends upon t h e  in f r a red  

r e f l e c t i v i t y  and the  absorptive--emissive power of t he  f ab r i c .  (For the  

ground and balloon temperatures of importance i n  t h i s  study, 200°-4000K, 

by "infrared" w e  are r e f e r r i n g  t o  wavelengths longer than 6 microns.) 

The f a b r i c  w i l l  not be isothermal. The hea t  input of both 

s o l a r  and ground r a d i a t i o n  varies f o r  d i f f e r e n t  p a r t s  of t he  balloon, 

and t h e  thermal conductivity i s  s u f f i c i e n t l y  s m a l l  t h a t  along t h e  

sur face  of t h e  f a b r i c  hea t  w i l l  be transported slowly, 

hea t  t ranspor t  throuph t h e  f i lm  i s  adequate t o  prevent t h e  existence 

of any s ign i f i can t  temperature gradient across t h e  f i l m , )  We w i l l ,  

nevertheless,  r e f e r  t o  a "mean" temperature for  t h e  balloon f ab r i c ,  

Tb, i n  order t o  make it possible t o  compute estimates. 

"ef fec t ive  balloon temperature" (T ') defined i n  t h e  f i r s t  paragraph 

of t h i s  appendix w i l l  be assumed t o  be equal t o  t h i s  mean Tb. This 

assumption i s  made here  because t h e  gas in s ide  t h e  balloon w i l l  

come t o  equilibrium with t h e  balloon f ab r i c ,  which does not, i t s e l f ,  

have a s i g n i f i c a n t  hea t  storage capacity. A more re f ined  treatment 

would consider t h e  possible d i f fe rences  between t h e  e f f e c t i v e  balloon 

temperature, T I ,  and t h e  mean f ab r i c  temperature T 

t h e  ho t - a i r  balloon, it i s  reasonable t o  consider them approximately 

equal so long as w e  are dealing wi th  convective processes, 

r a d i a t i v e  losses  f r an  the  film, s ince  they depend upon t h e  fourth 

power of t h e  temperature, t h e  proper average over t he  temperature 

d i s t r i b u t i o n  would be somewhat d i f f e r e n t ,  and it would be somewhat 

b e t t e r  t o  take  

(In con t r a s t ,  

The 

but except for b' 

For 

where T 

losses ,  and as before,  Tb is  t h e  f a b r i c  temperature (assumed t o  be 

equal t o  T I )  used fo r  convective losses  t o  t h e  outs ide  air; t h e  

equation def ines  the f ac to r  71r. 
The hea t  inputs  t o  the  f ab r i c ,  omitt ing coupling t o  t h e  gas 

i n s i d e  are (1) sunl ight ,  (2) convection of heat from outs ide  air, 

is t h e  f a b r i c  temperature t o  be used i n  computing r a d i a t i v e  r 

(3) r ad ia t ion  from t h e  ground. 

depend on t h e  in t eg ra t ed  r e f l e c t i v i t y  and absorptive power of t h e  fi lm 

The amount of sunl ight  absorbed w i l l  
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and on i t s  thickness. 

ab ' 
The convection term has already been discussed. 

d e a l  e x p l i c i t l y  with forced convection s ince  w e  are concerned here  

wi th  equilibrium. 

magnitude of hea t  t r a n s f e r  (during t h e  rise of t h e  balloon) by forced 

convection i s  roughly t h e  same as t h a t  which would be computed i f  

f r e e  convection were assumed, for  t he  rates of rise considered i n  

t h i s  report .  

We w i l l  combine a l l  of t hese  i n t o  one parameter, 

t h e  "ef fec t ive  absorptive power" of t h e  f a b r i c  for sunlight.  

It i s  unnecessary t o  

Moreover, rough ca l cu la t ion  ind ica t e s  t h a t  t h e  

The ground-radiation term can be estimated only roughly s ince  

i t s  magnitude w i l l  depend not only on t h e  ground temperature but 

a l s o  on t h e  emissivity of t he  ground. 

r ad ia t ion  temperatures 0,) of 200 K a t  n igh t ,  and 300°K by day (see 

Chapter 111.) 

ground during t h e  day, w e  assume t h a t  t h e  e f f e c t  can be approximated 

by taking t h e  ground-night case. 

We assume e f f e c t i v e  ground 
0 

I f  a cloud should pass between the  balloon and t h e  

I n  

w r i t  t e n  

I n  t h i s  

equilibrium w e  assume t h a t  t he  following equation can be 

t o  express t h e  various heat fluxes t o  t h e  balloon fabr ic :  

equation oB i s  t h e  Stephan-Boltzmann constant,  S i s  t h e  

s o l a r  constant fo r  Mars, T 

f o r  t h e  M a r s  sur face  under the  balloon, T 

temperature of t h e  balloon fabr ic ,  ab i s  the  absorptive power of 

t h e  f ab r i c  for  sunl ight  (a l l  wavelengths), and eb i s  t h e  emissive 

power of t h e  f a b r i c  f o r  fa r - inf ra red  rad ia t ion .  The term dQc/dt 

represents  t h e  convective heat t r ans fe r  with the surrounding atmosphere. 

Besides t h e  unce r t a in t i e s  mentioned i n  Chapter 111, w e  must recognize 

t h a t  t h e  temperature d i s t r i b u t i o n  wi th in  Mars' atmosphere is 

poorly known at t h e  present time. 

s ec t ion ,  an air temperature of 180°K w a s  assumed for  day and night,  

bu t  t h i s  should be considered only as a rep resen ta t ive  value. 

i s  the  e f f e c t i v e  r a d i a t i v e  temperature G 
is t h e  e f f e c t i v e  b 

For t h e  ca l cu la t ions  of t h i s  

In order t o  exh ib i t  t h e  manner i n  which the  r a d i a t i v e  
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proper t ies  of t he  f a b r i c  influence the  balloon's equilibrium 

temperature, computed i n  accordance with t h e  above equation, t h e  

d iu rna l  temperature range of t he  balloon w a s  computed -- t h e  

d i f f e rence  between the  maximum temperature during the  day and t h e  

minimum temperature at night.  For t h e  daytime maximum, the  s o l a r  

r ad ia t ion  term w a s  included, and T w a s  assumed t o  be 300OK; for 

t h e  nighttime minimum, t h e  so l a r  t e r m  w a s  m i t t e d ,  and T was 

assumed t o  be 200OK. 

t o  be 0.9. The s o l a r  constant used was 0.013 cal cm sec . A l l  

these  values were chosen purposely t o  obta in  a high estimate of 

Figure 9 shows t h e  r e s u l t s ,  l i n e s  of constant (AT)-,, with the  

f a b r i c  's in f ra red  emiss iv i ty  as ordinate,  solar-spectrum absorp t iv i ty  

as abscissa. No claim is  made t h a t  t h e  r e s u l t s  presented i n  t h i s  

f igure  are accurate. 

t h e  r a d i a t i v e  proper t ies  of t he  f a b r i c  in f luence  t h e  temperature 

range. A p l o t  of t h e  temperature maxima would appear similar t o  

these  curves s ince  t h e  minimum nighttime balloon temperature 

ca lcu la ted  (158OK) was only 22 degrees colder than  t h e  assumed 

air temperature, 180OK. 

G 
G 

The emissive power of t h e  ground w a s  assumed 
-2 -1 

However, they may be use fu l  i n  suggesting haw 

Figure 10 shows a p lo t  of t h e  minimm temperature as a 

function of c 

balloon at n igh t  t o  t h e  ambient air temperature, x, exceeds 0.87. 

W e  adopt t h e  value 0.85 fo r  t h e  ca lcu la t ions  presented i n  Chapter V 

i n  t h e  sec t ion  on superpressure balloons. 

The r a t i o  of t h e  minimum temperature ins ide  the  bo  

The question of balloon equilibrium temperature i s  an 

knportant one, and t h e r e  are many unce r t a in t i e s  i n  attempting t o  

estimate it f o r  any p a r t i c u l a r  balloon material. It is ,  therefore ,  

mandatory t h a t  before a M a r s  balloon i s  f i n a l l y  designed, exper- 

iments be conducted i n  the  laboratory t o  determine t h i s  parameter 

under t h e  range of conditions t h a t  are an t i c ipa t ed  for  M a r s .  

Estimates are given i n  %hi s  r epor t  t o  serve as a planning guide, 

b u t  they i n  no sense s u b s t i t u t e  f o r  laboratory experiments. 

Mylar is  t h e  balloon material chosen fo r  most of t h e  examples 

i n  t h i s  report .  Examination of t h e  r a d i a t i v e  proper t ies  for  t h i s  
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material as reported i n  Ref. A.2 suggests values of ab = 0.015, 

cb = 0.30 for  t h i s  material. These are estimates only, because (1) 

the  ava i l ab le  d a t a  on emissive power do not inc lude  wavelengths 

longer than 15 microns, and (2) the  r e f l e c t i v i t y  of t h e  material 

f o r  sunl ight  and i n f r a r e d  has not been adequately taken i n t o  

account. As s t a t e d  i n  the  above paragraph, r e l i a b l e  estimates of 

balloon temperatures must await fur ther  laboratory data. However, 

fo r  planning purposes, using t h e  ana lys i s  j u s t  presented, we can 

estimate t h a t  for an air  temperature of 180°K, a Mylar balloon 

w i l l  reach a temperature of about 181'K during t h e  day, and a 

temperature of about 159'K at night,  a temperature v a r i a t i o n  of 

22'. Since t h e  absorptive power for s o l a r  r a d i a t i o n  i s  low, while 

t h a t  f o r  far-infrared r a d i a t i o n  i s  comparatively high, t h e  primary 

cause of t h e  d iu rna l  temperature v a r i a t i o n  f o r  t h i s  material i s  t h e  

d iu rna l  change i n  ground temperature. 

under t h e  balloon during the  day, i t s  temperature would drop 

s ign i f i can t ly .  

I f  a dust cloud should pass 

A balloon of black material, on t h e  other hand, is  influenced 

Highest s u n l i t  both by sunl ight  and by r ad ia t ion  f r a  t he  ground. 

temperatures are achieved with a balloon having a high 

absorptive power fo r  s o l a r  r ad ia t ion  i n  combination with a 1m 

emissive power in t h e  f a r  in f ra red .  Figure 9 i l l u s t r a t e s  t h i s  

point.  

t h e  sec t ion  of Chapter V t h a t  deals with the  ho t - a i r  balloon. 

A p r a c t i c a l  appl ica t ion  of t h i s  p r inc ip l e  i s  discussed i n  
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Appendix B 

ANALYSIS OF GAS -TRANSPORT METHODS 

I n  t h i s  appendix t h e  various methods for  gas t r anspor t  are 

analyzed i n  some d e t a i l .  As elsewhere i n  t h i s  r epor t ,  t he  calcu- 

l a t ions  should be regarded as i l l u s t r a t i v e  r a t h e r  than d e f i n i t i v e ,  

although considerable care has been used i n  choosing values fo r  

parameters i n  order t o  make the  r e s u l t s  as meaningful as possible.  

PRESSURIZED GASES 

Mass Rat io  

For a thin-walled, sphe r i ca l  pressure ves se l ,  t h e  stress cs (atm) 

is given approximately i n  terms of the  radius,  r ,  t h e  i n t e r n a l  

pressure,  p, and 

r e l a t i o n  (B.1) 

For a pa r t i cu la r  

t h e  w a l l  thickness,  t ,  so  long as p << cs by t h e  

pr 03.1) 2 t  * 
c s =  

material, t he re  w i l l  be a maximum allowable stress, 

I f  a pressure v e s s e l  i s  designed t o  function at t h i s  maximum 
Om* 
allowable stress, t h e  r a t i o  of t he  m a s s  of t h e  container plus gas 

t o  t h e  m a s s  of ava i l ab le  gas, 

where 7 )  

i s  a f ac to r  t o  allow fo r  hardware, plumbing, etc., pt i s  t h e  

density of t h e  vesse l ' s  material, p i s  t h e  gas density at  OOC, 1 atm,  

and f i s  t h e  f r ac t ion  of t he  i n i t i a l  charge of gas t h a t  leaks out 

during the  spacef l igh t ;  f 

represents m a s s  t h a t  must be ca r r i ed  but i s  other than ava i lab le  gas. 

The "mass ef f ic iency"  of t h e  t r anspor t  system i s  t h e  r ec ip roca l  of 

t h e  mass r a t i o  j u s t  computed. 

i s  t h e  "pv" value of t h e  gas (pv = 1.0 a t  O°C, 1 a t m ) ,  fh  
g 

g 

g 
is  added t o  mt i n  Eq. (B .2 )  because it 

g 
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To keep t h e  volume of t h e  v e s s e l  t o  aminimum, t h e  h ighes t  

pressures poss ib le  should be employed. 

was used t o  make comparisons i n  t h i s  section. 

A design pressure of 1000 a t m  

Hydrogen. Ordinary steel  i s  permeable t o  hydrogen; t o  prevent 

d i f fus ion  of t he  gas i n t o  t h e  m e t a l ,  one must combine a s p e c i a l  

s teel  a l l o y  with an impermeable inner coating. Such a vesse l ,  i f  

it were required t o  contain hydrogen for a number of months at very 

high pressures (e. g., several thousand atmospheres) would requi re  

very ca re fu l  design and t e s t ing .  Even so, t h e r e  would be some 

leakage during a months-long spacef l igh t ;  somewhat a r b i t r a r i l y ,  t he  

leakage fac tor , "  f w i l l  be assumed t o  be 0.5. The "hardware II 

g' 
fac tor  ,'I fh, w i l l  be given the  value 1.2. 

a l loys ,  t he  same leakage fac tor  w i l l  be used as for  hydrogen. Since 

f i s  c l e a r l y  a function of the  f l i g h t ' s  dura t ion ,  i t s  value of 0.5 

i s  purely i l l u s t r a t i v e .  

Helim. Though helium d i f fuses  less r ead i ly  i n t o  ferrous 

g 

Methane. The c r i t i c a l  temperature of methane i s  192'K; t he  

gas cannot be l i q u i f i e d  by pressure at  temperatures higher than t h i s .  

I ts  leakage f ac to r ,  w e  w i l l  assume, can be held t o  0.2. 

Volume Ra t io  

Since the  w a l l  thickness i s  a s m a l l  

the  vesse l ,  as iong as p i s  much smaller 

approximately equal t o  t h e  volume of t he  

fore ,  
n f  

f r a c t i o n  of t h e  radius of 

than om, t h e  volume i s  

gas under pressure. There- 

for  p i n  a tm.  
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Gas 

H2 

H e  

CH4 

3 Estimated Ef f i c i enc ie s  for Gases at a Pressure of 10 a t m  

e f f i -  v /m 
ciency t g 

3 
P t  

'ggm/' 'g Material (gm/cm g 5l mg/mt (cm /gm) 

0.089 2.46 coated steel  1 . 5 ~ 1 0  7.7 0.5 1.2 0.02 66 

0.178 2.42 steel 1 . 5 ~ 1 0  7.7 0.5 1.2 0.04 36 4 

0.717 2.78 steel  1 .5~10  7.7 0.2 1.2 0.16 5.7 

Notes: Values f o r  7 are for a gas temperature of 100°C for  conservative design. 
g 

m Values fo r  0 represent conservative engineering prac t ice .  

Valhes were derived using Van der Waal's constants from the  Handbook of 

@emistry and Physics (30th ed., 1947). 

Valvincr t he  Gas 

The problem presented by valving hydrogen o r  helium at  very high 

pressure may not be as acute as might be an t ic ipa ted .  One might 

expect t h a t  t h e  extreme expansion r a t i o  (perhaps 10,000-to-1) would 

r e s u l t  i n  extreme cooling, and even i n  l i q u i f i c a t i o n  of t h e  gas. 

However, both hydrogen and helium w i l l  probably be w e l l  above t h e i r  

Joule-Thomson maximum inversion temperature (195OK for  H 23.6OK fo r  

He) .  I f  they are allowed t o  t r a n s p i r e  through a porous plug, there- 

fore ,  t h e i r  temperatures w i l l  a c tua l ly  increase.  F r i c t i o n  w i l l  a l s o  

a c t  t o  w a r m  the  gas. Even without d e t a i l s  of t h e  ac tua l  engineering 

design, one can e a s i l y  imagine a one-shot valve t h a t  would allaw the' 

high-pressure gas t o  t r a n s p i r e  out of t he  pressure tank through a 

porous plug. A diaphragm valve, s ince  it  would be ac t iva t ed  only 

once -- when t h e  balloon w a s  t o  be f i l l e d  -- should not present too  

d i f f i c u l t  a design problem. 

General Remarks 

27 

One conspicuous advantage of gas t ranspor t  under high pressure 

is t h a t  t h e  gas i s  then ava i l ab le  without fu r the r  complications; 



-128- 

it can be provided at  any predetermined rate. Possibly,  t h e  problems 

i n  carrying hydrogen at extreme pressures are not as severe as a n t i -  

cipated.  Coating techniques and s p e c i a l  a l loys  could a l l e v i a t e  t he  

leakage problem, and s p e c i a l l y  designed vessels might be l i g h t e r  and 

more e f f i c i e n t .  (Since helium grants  no conspicuous advantage, 

developmental research probably should concentrate on hydrogen 

t ranspor t .  ) Possibly,  too,  t he  s impl i c i ty  and probable r e l i a b i l i t y  

of a high-pressure system would out-weigh i ts  disadvantages of one- 

shot  operation and r e l a t i v e l y  low mass and volume e f f i c i e n c i e s .  

LIQUIFIED GASES 

A l i q u i f i e d  gas must be ca r r i ed  i n  a ves se l  t h a t  can withstand 

the  vapor pressure of t he  gas i n  equilibrium with the  l iquid.  This 

pressure,  p, depends s t rongly  upon t h e  temperature (approximately as 

an exponential function of l /T).  

the  ves se l  must a l s o  be provided wi th  insu la t ion .  

v e s s e l  i t s e l f  can proceed along t h e  same l i n e s  as were followed for 

pressure ves se l s  i n  t h e  last s e c t i o n  above. The m a s s  of gas ava i l -  

ab l e  on Mars, m and t h e  

dens i ty  of t he  l i qu id ,  pA by 

I f  low temperatures are required,  

Analysis of t h e  

i s  r e l a t e d  t o  t h e  volume of t h e  tank, V '  g' t' 

where f 

f r a c t i o n  of t h e  tank o r ig ina l ly  f i l l e d .  

i s  t h e  capacity of t h e  tank only; t h e  volume of t h e  t ranspor t  system, 

i s  the  f r a c t i o n  of gas l o s t  during the  t r i p ,  fF the  
g 

It should be noted t h a t  V: 

w i l l  be equal t o  V i  plus, i f  low temperatures are required,  t he  vt, 
volume of insu la t ion .  Assuming spher ica l  geometry, 

c) 

where y = 1/(1 - f ), t h e  r a t i o  of t h e  o r i g i n a l  mass of l i qu id  t o  

t h a t  surviving a f t e r  t h e  space f l igh t ,  x = r /r t h e  r a t i o  of t h e  

ou$er rad ius  of i n s u l a t i o n  t o  i t s  inner radius. 

g 
2 1' 
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Since m is t h e  sum of t h e  masses of t h e  in su la t ion ,  t h e  t 
pressure tank and t h e  ava i l ab le  gas, 

o r  3 
P i n b  -1) 3Pttmin 

= Y ~  + +;1 f, , 
L 

11 

fF'R ' A  rl _I 
i s  t h e  minimum tmin I n  t h e  second expression, 

t h e  pressure-vessel wall; r i s  the  r ad ius  

(corresponding t o  t h e  inner rad ius  of t h e  

m a s s  of t h e  hea t  source required t o  gas i fy  

dens i ty  of t h e  insu la t ion ,  and f i s  a "hard- 

1 

h 

whichever i s  grea te r .  

allowable thickness of 

of the  pressure vessel 

insu la t ion) ;  m i s  the  

i s  the  t h e  l i qu id ,  
Q 

'in 
ware fac tor"  as before. 

The above expressions for  m /m V /m i n  t e r m s  of x and y do 

not completely solve t h e  problem, s ince  these  quan t i t i e s  are as yet 

unspecified. 

gases ind iv idua l ly .  For ammonia, t h e  s t eps  of t h i s  computation can 

be performed immediately. For hydrogen and methane, t h e  computations 

r equ i r e  fur ther  ana lys i s  of t he  cryogenic problem. Results appear 

i n  Table 5. 

t g' t g' 

To complete the  ana lys i s ,  w e  must consider t he  various 

Hvdronen, Hydrogen can be s to red  as a l i qu id  only i f  it i s  

below i t s  c r i t i c a l  temperature, 33OK; at 1 atmosphere vapor pressure, 

i t s  temperature is  21°K. These temperatures are so  low t h a t  

d e t a i l e d  a t t e n t i o n  must be paid t o  the  design of t h e  cryogenic 

system. An insu la ted ,  vented cryogenic s torage  system for l i qu id  

hydrogen w i l l  be analyzed later i n  t h i s  section. 

Methane. The c r i t i c a l  temperature for  methane i s  r e l a t i v e l y  

high, 191OK; at 112OK i ts  vapor pressure is  1 atm. These temperatures 

are s u f f i c i e n t l y  high t h a t  w e  can consider e i t h e r  cryogenic storage 

ins ide  t h e  spacecraf t ,  o r  "no-loss" s torage  using r a d i a t i o n  i n t o  

space t o  balance the  hea t  f l ux  i n t o  t h e  cryogenic container from 

t h e  spacecraf t .  
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Ammonia, The c r i t i c a l  temperature fo r  ammonia i s  +132OC, s o  

low temperatures are unnecessary f o r  s torage  of l i qu id  ammonia. I n  

order t o  achieve a conservative design, we w i l l  consider a steel 

pressure ves se l  t h a t  can withstand the  vapor pressure of ammonia 

at 100°C, 14.4 a tm.  For ammonia, s ince  no i n s u l a t i o n  i s  required,  

x = 1.0; and s ince  w e  expect no extraordinary losses ,  w e  w i l l  

assume by convention t h a t  y = 1.2 t o  allow fo r  ordinary leakage. 

The following paragraphs d iscuss  th ree  poss ib le  methods for 

storage i n  space of cryogenic l i qu ids  ( spec i f i ca l ly  l i qu id  hydrogen). 

No-loss storape,  Since the  spacecraf t  w i l l  presumably be at 

a temperature near 300°K, and no method of thermal insu la t ion ,  e i t h e r  

by in su la t ing  materials or  by r a d i a t i o n  sh ie lds ,  is per fec t ,  t h e  only 

way a cryogenic ves se l  can be kept cold during the  long space f l i g h t  

without e i t h e r  evaporating some of t h e  l i qu id  or employing an ac t ive  

r e f r i g e r a t i o n  system, i s  by allowing it t o  r a d i a t e  heat t o  something 

colder than i t s e l f .  I f  t h e  spacecraf t  is a t t i t ude -con t ro l l ed ,  one 

can mount the  cryogenic ves se l  ex te rna l ly  on t h e  shady s i d e  of t h e  

spacecraf t  and r a d i a t e  hea t  t o  space. The e f f e c t i v e  r ad ia t ion  

temperature of t h e  c e l e s t i a l  sphere w i l l  be assumed t o  be O°K for 

purposes of ca lcu la t ion .  The e f f e c t i v e  r a d i a t i o n  temperature 

va r i e s  wi th  t h e  c e l e s t i a l  l a t i t u d e  and longitude , but unless r a d i a t i o n  

from a nearby planetary body i s  included, t h e  e f f e c t i v e  sky 

temperature probably does not exceed about 8 O K .  The v e s s e l  

must, of course, be protected from rad ia t ion  on E a r t h  during the  f i r s t  

f ew days of the f l i g h t  and f r an  M a r s  during t h e  last days. We w i l l  

assume t h a t  t h i s  problem has  been solved, and a l s o  t h a t  t he re  i s  

no important heat t r a n s f e r  t o  t h e  spacecraf t  via tubes, brackets,  

o r  t h e  l ike .  

W e  w i l l  consider a v e s s e l  mounted on t h e  shady s i d e  of, but 

insu la ted  from, t h e  spacecraft .  The s o r t  of i n s u l a t i n g  material 

t h a t  would be bes t  i n  t h i s  appl ica t ion  i s  , i n  e f f e c t ,  a "baklava" 

of r a d i a t i o n  sh ie lds  separated by lightweight powder. (B .4 )  

We w i l l  now estimate the  thickness of i n su la t ion  required t o  

maintain t h e  l i qu id  at a given temperature. Assume t h a t  A i s  t h e  

area of t h e  cryogenic v e s s e l  i n  contact with t h e  insu la t ion ,  and t h a t  
1 
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Temperature of gas, T 
( O K )  

20 

40 

80 

A i s  t h e  area t h a t  r ad ia t e s  t o  space. It is  of primary importance 

t h a t  the  geometry be such t h a t  t h e  area A on the  ves se l  receives no 

r ad ia t ion  from t h e  spacecraf t .  

2 

2 

Assume t h a t  t he  temperature drop across t h e  in su la to r  i s  about 

300°K, t h a t  t he  hea t  conductivity of t he  in su la t ing  material i s  
-7 10 cal/sec-an-deg (a representa t ive  value for modern mul t i layer  

i n su la t ing  materials) and t h a t  t h e  r ad ia t ing  sur face  of t h e  cryogenic 

v e s s e l  has emissivity 0.9. By equating the  fluxes of hea t  conducted 

i n t o  the  v e s s e l  from the  spacecraft ,  and hea t  rad ia ted  from the  

A /A = 5.0  A1/A2= 1.0 A /A = 0 .1  1 2  1 2  

7 80 155 15.5 

50 10 1.0 

3 0.6 <o. 1 

vesse l  t o  space (here 

in su la t ion  thickness,  

assumed t o  be a t  O O K ) ,  w e  can solve for t h e  

03.6) 
7 A1 

A2 
t % 2.5  x 10 (-) T;" cm . i 

It would be d i f f i c u l t  t o  design a s m a l l  system s o  t h a t  A1/A2 

i s  less than o r  even equal t o  1, s ince  the  r ad ia t ing  sur face  of t he  

pressure  v e s s e l  must be shielded from thermal r ad ia t ion  and solar 

r e f l e c t i o n s  from t h e  spacecraft .  The r e s u l t i n g  values for i n su la t ion  

thicknesses are i n  t h e  table.  

Required Thickness, t ,  of Insu la t ion  (cm) 

I For conduction-radiation r a t i o s  of 

This ana lys i s  i s  only approximate, but it suggests t h a t  while i n  a 

s m a l l  cryogenic v e s s e l  temperatures near 80°K are probably achievable 

by r a d i a t i o n  balance alone, temperatures near 20°K are not. W e  can, 

therefore ,  s t o r e  methane by r ad ia t ion  balance, but not hydrogen, 

unless a way is found t o  reduce A1/A2 t o  t h e  order of 0.1. 

discussed. One i s  t h e  necess i ty  of t r a n s f e r r i n g  the  l i qu id  from 

t h e  cryogenic vessel mounted outs ide  the  spacecraf t  t o  an insu la ted  

There are several se r ious  disadvantages t o  t h e  system j u s t  
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vessel in s ide  the  en t ry  capsule p r io r  t o  en t ry  i n t o  the  Martian 

atmosphere. Such a t r a n s f e r  w i l l  e n t a i l  unavoidable losses of 

cryogenic l i qu id  besides adding complexity t o  t h e  operation. 

Another disadvantage is  t h e  dependence on t h e  a t t i t ude -con t ro l  

sys tem of t he  Spacecraft. It would be d isas t rous  for  t h a t  system 

t o  f a i l  and for  sunl ight  t o  f a l l  d i r e c t l y  on t h e  r ad ia t ing  surface.  

A more p r a c t i c a l  cryogenic s torage  system t h a t  can be used fo r  

e i t h e r  hydrogen or  methane i s  discussed i n  t h e  next section. 

Vented s t a t i c  s torage  in s ide  spacecraf t .  The heat of vapor- 

i z a t i o n  of l i qu id  hydrogen i s  low, 108 cal/gm, but  w e  can, i n  

pr inc ip le ,  absorb the  unavoidable hea t  f l ux  i n t o  a container ca r r i ed  

in s ide  t h e  spacecraf t  by vaporizing the  l iqu id .  This r e s u l t s  i n  a 

loss of l i qu id  mass. W e  assume t h a t  t he  hydrogen i s  vented to t h e  

outs ide ,  keeping a constant pressure of about 1 a t m  in s ide  the  

cryogenic vesse l .  For a p a r t i c u l a r  choice of parameters -- t o t a l  

f l i g h t  t i m e ,  mass of hydrogen needed on Mars, acceptable container 

s i z e ,  and type of i n su la t ion  material -- t he re  w i l l  be an optimum 

design, since w e  can t r ade  between carrying e x t r a  in su la t ion  and 

carrying e x t r a  l i qu id  hydrogen t o  vaporize. 

The performance of such a sys t em may be analyzed as follows: 

The rate of m a s s  loss  by evaporation, assuming neg l ig ib l e  heat 

conduction (through pipes,  f i t t i n g s ,  etc. ) can be approximated for  

a sphe r i ca l  v e s s e l  by t h e  expression: 

X I% = B ( z )  = B  
g 

0 . 7 )  

where x = r /r 

material, and ti i s  t h e  thickness of the in su la t ing  material, 

t h e  r a t i o  of outer and inner r a d i i  of t he  in su la t ing  2 1’ 

4nkr 1 (or )i 
B =  9 

H 

(LSC)~ i s  t h e  temperature d i f fe rence  between t h e  cryogenic l i q u i d  

and t h e  spacecraf t ,  and H i s  t h e  hea t  of vaporization. 

Assuming a constant rate of m a s s  loss  during the  f l i g h t ,  t he  

following expression can be derived, r e l a t i n g  x, y, t h e  surviving 
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gas m , and the  t i m e  of f l i g h t  T: 
g 

Y - 1  
x =  

where 4nk (AT) 

H 

Using y as t h e  independent va r i ab le ,  w e  can so lve  Eqs. (B.5) 
and (B .8 )  simultaneously t o  find the  values of x, y t h a t  make 

(m /m ) a minimum. 

optimum values. 

For purposes of comparison, w e  w i l l  use these  
t g  

Table 5 shows t h e  r e s u l t s  for hydrogen and methane (and 
ammonia), ca r r i ed  as l iqu ids .  For it, "optimum" values for m /m 

and V /m were computed as discussed, assuming s t a t i c  vented 

s torage  i n  an in su la t ed  sphe r i ca l  cryogenic ves se l  for  2 x 10 sec  

(about 8 months). 

material, k, w a s  assumed t o  be 1 x 10 cal  cm sec deg , 
f 

handbook values. Allowance w a s  made for  t h e  add i t iona l  mass and 

volume of a heat source t o  gas i fy  the  l i qu id  and hea t  t h e  gas t o  

OOC. 

g t  

7 t g  

The thermal conductivity of t h e  in su la t ing  
-7 -2  -1 -1 (B.4) 

t o  be equal t o  1.2, and t h e  o ther  physical constants were t y p i c a l  h 

A later sec t ion  i n  t h i s  appendix discusses hea t  sources. 

Note t h a t  t h e  e f f i c i ency  of t h i s  method, as measured by t h e  

r a t i o  m /m increases  markedly as l a rge  amounts of gas are car r ied .  
g t' 
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0.1 

1.0 

10.0 

100.0 

Table 5 

0.003 3500 

0.03 430 

0.13 100 

0.25 43 

ESTIMATED EFFICIENCIES FOR LIQUIFIED GASES 
(8-MONTH STATIC STORAGE) 

10.0 

100.0 

0.43 8 

0.52 5.8 

0.1 

1.0 

Any 

0.08 

0.27 

0.47 3.4 

7 1  

17 

RELIQUIFACTION OF HYDROGEN VAPOR 

A t  temperatures below i t s  maximum inversion temperature, 195OK, 

hydrogen can be cooled by t r ansp i r a t ion  through a porous plug. 

Joule-Thomson cooling i s  convenient and simple, and there  a l s o  

i s  always t h e  p o s s i b i l i t y  of cooling t h e  gas by causing it t o  do work, 

as i n  an expansion turbine. I n  pr inc ip le ,  e i t h e r  or  both of these  

methods could r e l i q u i f y  i n  a closed cycle t h e  hydrogen t h a t  b o i l s  off 

during a f l i g h t  t o  M a r s .  The volumetric requirements of such a system 

are modest, 

Beyond the  heat r e j e c t i o n  needed t o  l i q u i f y  t h e  gas, w e  must 

a l s o  allow for t h e  conversion of ortho- t o  para-hydrogen. This 

conversion i s  troublesome because it normally occurs very slowly and 

generates heat. The usua l  p rac t i ce  i s  t o  accelerate the  establishment 
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of t he  equilibrium ortho/para r a t i o  by m e a n s  of a c a t a l y s t  and 

reject t h e  hea t  t h a t  r e s u l t s  f r m  t h e  conversion before  t h e  l i qu id  

i s  pumped back i n t o  t h e  cryogenic container. (B. 5 )  

The design of a small, r e l a t i v e l y  l ightweight,  closed-cycle 

hydrogen l i q u i f i e r  should be w e l l  w i th in  t h e  a b i l i t y  of today's 

cryogenic engineers. Unfortunately, i t s  inherent ly  g rea t e r  corn- 

p l ex i ty  than t h a t  of a s ta t ic  system and i t s  reliance on outs ide  

power would decrease t h e  r e l i a b i l i t y  of any t r anspor t e r  of l i q u i f i e d  

gas t o  Mars. 

(the point where s ta t ic  cryogenic s torage  becomes f a i r l y  e f f i c i e n t ) ,  

it would probably present no s i g n i f i c a n t  advantage i n  weight and 

volume over the  b e s t  of the  chemical systems. 

Moreover, for  amounts of gas under about 5-10 kg 

HEAT REQUIREMENTS AND GENERATION METHODS 

Before any of t he  l i q u i f i e d  gases can be used t o  provide balloon 

gas, heat must be supplied both t o  vaporize t h e  l i q u i d  and t o  b r ing  

t h e  gas up t o  t h e  operating range of t he  balloon material. 

quant i ty  of hea t  required, Q, can be w r i t t e n  

The t o t a l  

Q = m  [ H + ( T 0 - T ) c ] + W  , 
g R P  

where H i s  t h e  hea t  of vaporization; T , T 

temperature and t h e  temperature of t h e  l iqu id ,  c i s  t h e  s p e c i f i c  

hea t  of t h e  gas at constant pressure,  and W i s  t h e  work expended i n  

f i l l i n g  t h e  balloon, expressed i n  u n i t s  of heat.  

are t h e  operating O R  
P 

A number of poss ib le  hea t  sources is b r i e f l y  discussed below. 

Gas and surroundings. One source of hea t ,  a f t e r  t h e  planet 

i s  reached, i s  t h e  surrounding atmosphere; another is  t h e  heat 

capacity of t h e  spacecraf t  s t r u c t u r e  i f  thermal contact is made 

between t h e  pressure vessel and la rge  m e t a l  p a r t s  of t h e  spacecraft .  

By cooling as it b o i l s ,  ammonia could i t s e l f  supply some heat. 

The e f fec t iveness  of such hea t  sources cannot be estimated prec ise ly ,  

bu t  it appears unlikely t h a t  they could make other hea t  sources 

super f luous . 
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So la r  rad ia t ion .  The s o l a r  constant a t  Mars i s  about 0.01 
-2 -1 cal cm sec (see Chapter 111). With an e f f i c i ency  of about 10 

per cent,  a c o l l e c t i o n  area of 1 m would provide heat at t h e  

approximate rate of 1 kcal/min. 

2 

Reactor. I f  a nuclear r eac to r  is  c a r r i e d  t o  provide power for  

o ther  purposes, power may be no problem. It w i l l  be necessary only 

t o  be aware of t h e  requirements and t o  make provision fo r  supplying 

heat when required. 

Batteries, Batteries could supply t h e  energy needed, but only 

a t  the  expense of energy t h a t  could be used t o  power other exper- 

iments. Furthermore, chemicals would seem a more d i r e c t  means of 

generating heat than would t h e  intermediate s t e p  of an e l e c t r i c  

current.  

Chemical heat generation. Here w e  must consider (1) t h e  mass 

e f f i c i ency  or  t h e  hea t  generated per gram of r eac t an t s ,  (2) t h e  

r eac t ion  rate, and (3) t h e  degree of cont ro l  t h a t  can be exercised 

upon t h e  reaction. For high mass e f f i c i ency ,  t h e  most i n t e r e s t i n g  

reac t ions  are those with canpounds of t h e  l i g h t e s t  elements. 

{a) Hydrogen combustion: I f  t he  balloon gas t o  be generated 

i s  hydrogen, a way of supplying hea t  would be t o  car ry  O2 under 

pressure and use  t h e  f ami l i a r  reac t ion  03.6) 

zH2 =t O2 = zH20 + 136 k c a l  . 
A t  low temperatures the  reac t ion  requi res  a c a t a l y s t  such as 

c o l l o i d a l  platinum. 

I n  order t o  include t h e  mass and volume of oxygen used i n  t h i s  

reac t ion ,  w e  now estimate t h e  r a t i o s  m /m , m /V 
Eqs. (B.2) and (B.3). Assuming a s t e e l  vessel and 200 a t m  pressure ,  

20 per cent  leakage, and a "hardware factor" of 1.2, m /m 
approximately 1.4, m /V i s  approximately 0.17 gm/cm . The 

combustion of hydrogen produces 1 kcal wi th  t h e  consumption of about 

0.03 gm H2, and 0.24 gm 0 

buoyant gas, i t s  combustion could be used as a hea t  source i n  a 

fo r  oxygen using 
t g  g t  

i s  
3 t  g 

g t  

o r  3.8 kca l  per gram of reactants.  2 
(b) Other combustion reactions:  I f  methane i s  ca r r i ed  as the  
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similar fashion. 

(assuming complete combustion) requi res  about 0.3 gm 0 
0.075 gm CH 
approximately 0.2 gm C 0 2 ,  and 0.17 gm water vapor. 

l i nes .  For example, complete combustion of about 0.15 gm e t h y l  

alcohol, w i th  0.3 gm O2 a l so  produces about 1 kcal or  about 2.2 kca l  

per gram of reactants. 

Generation of 1 k c a l  by canbustion of cH4 

o r  2.7 kca l  per gram of reac tan ts ;  it produces 

and about 2' 

4 

The combustion of many o ther  compounds folluws along similar 

(c) Thermite reac t ion :  The thermite r e a c t i o n  of i ron  oxide 

and aluminum has t h e  advantage t h a t  gas is n e i t h e r  generated nor 

consumed. 

bu t  i f  t h e  very high temperatures are t o  be used, add i t iona l  m a s s  
i n  t he  form of a s u i t a b l e  r eac t ion  vessel and hea t  exchanger would 

be required. 

"Adopted" Heat Source 

It generates approximately 1 kca l  per  gram of reactants,  (B. 7) 

For purposes of comparing the  various gas-transport  systems, we w i l l  

adopt as heat source the  combustion of hydrogen o r  methane with oxygen 

ca r r i ed  i n  a pressure ves se l ,  (a) above. This r eac t ion  has the  advantages 

of being comparatively e f f i c i e n t  and of lending i t s e l f  readi ly  t o  quanti-  

t a t i v e  ca l cu la t ions .  

u t i l i z e d  with an e f f i c i ency  of 50 per cen t ,  about 1.1 gm i s  the  mass of 0 

together with i t s  tankage f o r  1 kca l .  

add i t ion  t o  oxidizer,  w e  w i l l  assume t h a t  e t h y l  alcohol i s  used, making 

a t o t a l  mass of about 1.5 gm p e r  kca l .  
General Remarks 

Assuming t h a t  t he  heat from t h i s  reac t ion  can be 

2 
Where f u e l  must be t ranspor ted  i n  

Table 5 suggests t h a t  t h e  m a s s  e f f i c i ency  of cryogenic 

hydrogen t r anspor t  i s  f a i r l y  high (greater than 0.1) i f  the  gas 

transported by t h i s  method amounts t o  10 kg or  more. 

required i s  somewhat excessive, however, s ince  in su la t ing  material 

i s  needed and l i qu id  H has such a low density (0.07). As  pointed 

out, hea t  must be provided t o  gas i fy  t h e  l i q u i d  and t o  b r ing  it 

up t o  ba l loon- f i l l i ng  temperature. 

accomplish t h i s ,  although t h e o r e t i c a l l y  not p a r t i c u l a r l y  complicated, 

i s  considerably more e l abora t e  than required f o r  high-pressure gas. 

The volume 

2 

The apparatus required t o  



-138- 

Here again, considerable developmental research i s  required before 

a f i n a l  design can be specified.  

GASES CHEMICALLY GENERATED 

Only two of t h e  gases w e  are considering fo r  t h e  Mars balloon 

can be "chemically generated," i.e., ca r r i ed  t o  t h e  planet i n  t h e  

form of chemical compounds f r an  which they are then extracted.  

These are hydrogen, and decomposed ammonia. (The latter cons i s t s  

by volume of t h ree  p a r t s  of hydrogen t o  one p a r t  of nitrogen, and 

i s  produced when ammonia, whose t r anspor t  w e  discussed i n  t h e  last 

sec t ion ,  is  decomposed ca t a ly t i ca l ly . )  

Hydrogen can be ca r r i ed  "condensed" i n  c e r t a i n  hydrogenous 

compounds from which it can be extracted.  Su i t ab le  compounds o r  

reac t ions  should be characterized by: chemical s t a b i l i t y ,  a l a rge  

mass f r a c t i o n  of hydrogen generated, and a simple, e a s i l y  cont ro l led  

release of t he  bound hydrogen. 

The problem of hydrogen's chemical t r anspor t  merits de t a i l ed  

experimental study. 

l i t e r a t u r e  those compounds and reactions t h a t  appeared promising. 

It should be s t r e s sed  t h a t  near ly  a l l  of t h e  r eac t ions  mentioned a re  

untested,  i n  t h a t  they have never been used for  hydrogen generation 

outs ide  the  laboratory. 

t h e  very important problem of how t o  achieve a lightweight, r e l i a b l e  

gas-generation system t h a t  w i l l  allow whatever r eac t ion  i s  chosen t o  

proceed at  t h e  rate necessary for  balloon f i l l i n g .  

considerations are c e n t r a l  t o  t h e  design of a gas-generation system. 

W e  were limited t o  se l ec t ing  f r an  t h e  chemical 

W e  have not been ab le  t o  consider at a l l  

Such p r a c t i c a l  

For a chemical system, t h e  mass e f f i c i ency  of t h e  t ranspor t  

system i s  

t m m f  + m  
c h  Q 

where m 

f e r  container and other masses t h a t  are proportional t o  t h e  quant i ty  

of chemicals car r ied ,  and m 

t o  create t h e  reaction. 

t h e  space f l i g h t .  

is  the  t o t a l  mass of chemicals, 41 i s  a f ac to r  t o  allow 
C 

is t h e  mass of any hea t  source necessary Q 
W e  assume t h a t  t he re  are no losses  during 
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Two kinds of reac t ions  could be used: a hydrogenous compound 

decomposing i n  the  presence o f  heat and c a t a l y s t s ,  and two compounds 

i n t e r a c t i n g  (as i n  hydrolysis)  t o  produce hydrogen. The more 

i n t e r e s t i n g  are those t h a t  involve compounds containing a la rge  mass 

f r ac t ion  of hydrogen -- p a r t i c u l a r l y  the hydrogenous compounds of 

t h e  l i g h t  elements L i ,  Be,  B, C ,  N, 0, Thermal decomposition has 

t h e  b e t t e r  p o t e n t i a l  e f f i c i ency  because hydro lys is  generally creates 

for i t s  end product a hydrogenous p rec ip i t a t e ,  thus  "losing" some 

of t h e  hydrogen. It i s  a l s o  usua l ly  d i f f i c u l t  t o  make t h e  r eac t ion  

go t o  completion. 

hydride and the  water t o  t h e  planet;  

ca r r i ed  out with an excess of water, as i s  common p rac t i ce  on Earth 

where water i s  "free." 

F ina l ly ,  w e  would have t o  t r anspor t  both t h e  

t h e  r eac t ion  could not be * 

The most i n t e r e s t i n g  l i th ium compounds seem t o  be t h e  hydride 

LiH, t h e  borohydride LiBH4, and l i thium aluminum hydride LiAlH (an 

unusual compound). The hydride i s  thermally s t a b l e  even beyond i t s  

melting point (65OoC), while t h e  borohydride decomposes slowly 

a t  temperatures around 275OC, r e l eas ing  about h a l f  i t s  bound 

(B*9) LiAlH decomposes upon hea t ing  (125OC) t o  LiH, A l ,  hydrogen. 

and H2, 
l i b e r a t i n g  hydrogen and leaving t h e  hydroxide LiOH, which i s  

thermally s t a b l e  even higher than 450°C.(B'8) 

LiBH with water i s  complicated: a s m a l l  amount of water reacts 

very vigorously with an excess of LiBH 

LiBH d isso lves  i n  an excess of water at O°C without fu r the r  

r e ac t ion. A t  100°C, about ha l f  of t he  hydrogen i s  l ibe ra t ed  

from t h e  aqueous so lu t ion ;  it appears t h a t  c e r t a i n  c a t a l y s t s  

(notably N i C l  ) enhance t h e  hydrolysis reaction. 

compound, LiAIlI,. , has t h e  unusual property of r eac t ing  with ammonia 

4 

4 
The hydride, LiH, reacts vigorously wi th  water, 

The r eac t ion  of 

4 
t o  produce diborane, while 4 

4 

The "exotic" 2 

(B. 12) Lf. 

t o  produce hydrogen according t o  t h e  following formula: 

+The p o s s i b i l i t y  of ex t r ac t ing  use fu l  q u a n t i t i e s  of water from 
t h e  atmosphere o r  sur face  minerals, while not excluded, appears 
remote. 
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2LiA3H4 + 5NH3 -., [LiALH(N112)2]2 MI + 6H2 . 
Beryl l ium compounds have been much less extensively s tudied  

than those of lithium. 

prepare, and i t s  proper t ies  are dependent on impur i t ies  i n  t h e  f i n a l  
product; 03013'B014) BeHZ of 80 per cent pu r i ty  (by weight) 

decomposes at  2000--220°C;(B'14) t h e  pure substance, i f  it can be 

prepared, probably decomposes at  a somewhat higher temperature. 

No information could be  found about t h e  long-term s t a b i l i t y  of the  

compound. It reacts with pure water only slowly, although hydrogen 

i s  r ead i ly  evolved from a c i d i c  so lu t ions ;  t h e  presence of an e the r  

impurity appears t o  g r e a t l y  enhance t h e  hydrolysis reaction. 

Beryllium borohydride, B e  (BH4)2, r e a c t s  vigorously with water. 

(It should be noted t h a t  a ser ious  disadvantage of beryllium com- 

pounds as hydrogen gasogenes i s  t h a t  i f  t h e  hydrogen-generation 

r eac t ion  goes t o  completion, t he  end product is c o l l o i d a l  beryllium, 

a very t o x i c  substance. This property could make a gas-generation 

system using beryllium compounds d i f f i c u l t  t o  develop and t e s t  

adequately and s a f e l y  on Earth.) 

The hydride, BeH2, i s  very d i f f i c u l t  t o  

(B. 14,B. 15) 

(€3.16) 

- Boron forms a g r e a t  number of hydrides; t h e  one with the  

g r e a t e s t  mass f r a c t i o n  of hydrogen is diborane, Bp6. Diborane 

i s  a poisonous, cor ros ive  gas t h a t  i s  uns tab le  and d i f f i c u l t  t o  

l i q u i f y  and t o  handle. It reacts v i o l e n t l y  wi th  l i q u i d  water* t o  

Boric ac id  @ BO ) could, i n  form hydrogen and bo r i c  acid. 

p r inc ip l e ,  be subsequently dehydrated by heat and reduced pressure. 

Most other hydrides of boron are unstable and o f f e r  handling and 

storage problems; the  only exceptions are those wi th  very high 

molecular weights, which however, contain a low hydrogen f rac t ion .  

Boron hydrides appear t o  present t oo  many t echn ica l  problems t o  be 

i n t e r e s t i n g  for t h e  present application. Even so,  a more thorough 

examination of t he  gas - t ranspor t  problem should c e r t a i n l y  include a 

reexamination of these  compounds. 

(B. 19) 3 3  

$:&jrane reacts more t r a c t a b l y  with water vapor and with 
ice. 
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The most i n t e r e s t i n g  carbon compound fo r  t h e  present appl ica t ion  

i s  methane, CH4, which contains 25 per cent hydrogen by mass. W e  have 

already discussed methods for t ranspor t ing  methane t o  Mars. On 

Earth an important commercial source of hydrogen i s  the  "water-gas" 

r eac t ion  of methane and superheated steam. 

for  t h e  present app l i ca t ion  because the  products must be washed wi th  

w & e r  t o  remove t h e  generated CO Methane alone can be decomposed 2' 
at high temperatures i n  t h e  presence of ca t a lys t s .  

c a t a l y s t s  are N i ,  Fe.) Since carbon i s  the  s o l i d  end-product, t h e  

r eac t ion  rate is  eventually governed by t h e  equilibrium i n  t h e  

system C-CH -H High temperatures (- 1000°C) are required 

for e f f e c t i v e  dehydrogenation. It i s  always poss ib le  t h a t  a more 

convenient way could be devised for  c a t a l y t i c a l l y  decomposing 

methane -- it might then be an i n t e r e s t i n g  source fo r  hydrogen. A 

drawback, of course, is t h a t  i t  i s  gaseous a t  ordinary temperatures 

and for e f f i c i e n t  t r anspor t  must be ca r r i ed  as a l i qu id  at reduced 

temp er a t u r  e s . 

This r eac t ion  i s  unsuited 

(Useful (B. 20) 

4 2' 

For our purpose, t h e  only important n i t rogen  compound i s  

ammonia, NH I t s  t r anspor t  t o  Mars as a l i qu id  has already been 

discussed i n  t h e  previous sec t ion  of t h i s  appendix. It i s  decomposed 

at high temperatures i n  t h e  presence of many m e t a l s  and metal oxide 

ca t a lys t s .  As an example, ruthenium can be used a t  a temperature of 

about 45OOC -- t h e  hea t  of t h e  reac t ion  is  about 2 kcal/gm. 

Since two gases are thus produced, a fu r the r  s t e p  i s  required t o  

separa te  t h e  hydrogen from the  nitrogen. This can be achieved by 
(B. 23) allowing t h e  hydrogen t o  d i f f u s e  through heated palladium. 

Unfortunately, t h e  d i f fus ion  rate i s  slow, and hea t ing  t h e  palladium 

requi res  a fu r the r  expenditure of power. A poss ib le  a l t e r n a t i v e  is  

t o  o m i t  t h i s  f i n a l  s t e p  and use t h e  r e s u l t i n g  gas mixture, 

1/4(N2+H2), as a balloon gas. 

molecular weight of 8.5, h a l f  t h a t  of ammonia, and has been included 

i n  our ana lys i s  under t h e  name "decomposed ammonia." Hydrogen 

generation by t h e  d i r e c t  r eac t ion  of NH and LiAlH has already 

been mentioned. 

3' 

(B. 22) 

This gas has an e f f e c t i v e  

3 4 

To complete t h e  l i s t ,  t h e  only i n t e r e s t i n g  oxygen compound i s  
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water, H 0, which can be made by hydrolysis t o  g ive  up p a r t  of i t s  

hydrogen, as previously discussed. The o ther  p o s s i b i l i t y ,  

e l e c t r o l y s i s ,  i s  slow and i n e f f i c i e n t .  

2 

Table 6 l i s ts  these  various hydrogenous compounds with 

t h e i r  hydrogen m a s s  f r ac t ion ,  and poss ib le  hydrogen-generating 

reactions.  

For computational purposes, w e  have chosen t h e  simple thermal 

decomposition r eac t ion  of beryllium hydride. 

t h i s  r eac t ion  i s  uncertain;  published information i s  scanty and 

somewhat contradictory. However, it appears very promising and 

merits thorough inves t iga t ion .  

As already mentioned, 

Assuming t h a t  t h e  necessary hea t  

can be generated from t h e  

w e  estimate the  following 

r eac t ion  of BeH water, and c a t a l y s t s ,  

r a t i o s  f o r  t h i s  gasogene: 
2’ 

m /m = 0.09 
g t  

and 

V /m = 15 . 
t g  

These estimates contain a small allowance for  aux i l i a ry  equipment, 

such as r eac t ion  vesse l s  and metering valves. Clearly,  t h e  success 

of t he  gas-generation system g rea t ly  depends on t h e  development of 

r e l i a b l e ,  very lightweight equipment t h a t  w i l l  generate t h e  required 

gas at a rate s u i t a b l e  for f i l l i n g  balloons. 
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CONCLUDING RENARJCS 

Though chemical methods appear more e f f i c i e n t  i n  both mass and 

volume, our present knowledge and experience m a k e  them uncertain. 

For a kilogram o r  more of hydrogen, cryogenic t r anspor t  i s  e f f i c i e n t  

i n  m a s s ,  bu t  less so  for volume. And though high-pressure t ranspor t  

i s  considerably less complicated than chemical and cryogenic methods, 

it i s  r e l a t i v e l y  i n e f f i c i e n t  and uncer ta in  technically.  

The present study has not resolved t h e  problem of gas t r anspor t ,  

bu t  it has suggested a number of poss ib le  a l t e r n a t i v e  approaches. 

Hopefully, one o r  more of them w i l l  prove t o  be an adequate 

so lu t ion  a f t e r  development. 
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Appendix C 

THE RATE OF RISE OF A BALLOON AND THE PARAMETER LAMBDA 

In t h i s  appendix w e  s h a l l  examine t h e  equations of motion of a 

balloon r i s i n g  through a s t i l l  atmosphere f o r  t h e  r e s t r i c t e d  case  of 

t h e  balloon gas and t h e  ambient temperatures being e s s e n t i a l l y  equal 

a t  a l l  t i m e s .  I n  add i t ion ,  w e  s h a l l  examine t h e  q u a n t i t a t i v e  l i m i t s  

t h a t  might be placed on t h e  parameter A ,  and suggest a s i n g l e  

reasonable value of t h i s  parameter t o  use i n  t h i s  study. 

THE MOTION OF THE RISING BALLOON 

The conditions under which t h e  balloon w i l l  ascend and t h e  

amount of gas required f o r  a spec i f i ed  upward acce le ra t ion  have been 

e s t ab l i shed .  Now t h e  behavior of t h e  balloon a s  it rises can - 
a t  l e a s t  approximately - be described. 

Following t h e  usual practice, w e  may w r i t e  

where A is  the  c ross -sec t iona l  area of the  balloon, v is i t s  v e r t i c a l  

ve loc i ty  r e l a t i v e  t o  t h e  a i r ,  and CD i s  t h e  drag c o e f f i c i e n t .  

drag c o e f f i c i e n t  i s  a func t ion  of t he  Reynolds number, which is  

i t s e l f  a func t ion  of t h e  dens i ty  and v i s c o s i t y  of t he  medium, the  

ve loc i ty  of t h e  body through the  medium, and a length c h a r a c t e r i s t i c  

of t h e  body. 

two body configurations is  presented in  Fig. ll.(c*l) 

The 

A graphica l  r e l a t ionsh ip  of C t o  Reynolds number f o r  D 
For balloons flown 

i n  Ear th ' s  atmosphere, t h e  Reynolds number i s  in  t h e  range lo3 t o  

10 , which ( i f  a balloon is assumed t o  be a sphere) would suggest 

CD of about 0.5. 

indicated (' 0 2 )  t h a t  although CD undoubtedly changes with a l t i t u d e  

because of t h e  expansion of t h e  gas and t h e  r e s u l t i n g  change of  

6 

However, experience with p las t ic  balloons has 

a 

balloon shape, w e  may s t i l l  with reasonable accuracy assume a constant 

CD. A good approximation f o r  CD i s  1, which i s  very c l o s e  t o  t h a t  f o r  

a f l a t  d i sk  of equal c ross -sec t iona l  area (see Fig. 11) moving i n  
a d i r e c t i o n  normal t o  i t s  plane. "hat the  empir ica l ly  determined drag 

c o e f f i c i e n t  d i f f e r s  t o  t h i s  degree from the  c o e f f i c i e n t  ca l cu la t ed  f o r  
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a sphere i s  evidence t h a t  an ascending, p a r t i a l l y  f i l l e d  balloon 

cannot be considered t o  approximate a sphere hydrodynamically. 

ex tens ib le  balloons,  although f i l l e d  and approximately spher ica l  

when launched, are not  r i g i d ,  and hence, undergo some deformation 

during t h e  ascent, making the drag coe f f i c i en t  higher than f o r  a 

sphere. There i s  some indica t ion  ('03) t h a t  t he  drag coe f f i c i en t ,  

a t  least f o r  s m a l l  ex t ens ib l e  balloons,  is  about 0.8 f o r  Reynolds 

numbers of about 104-10 . 
Returning t o  Eq. (2.2), w e  may now w r i t e  

Even 

5 

- 2 FT - FB - S D p v  A = m*a, 

o r  

As t he  balloon ascent begins with v = 0, a = a then 0' 

(C 2) 
FB a = -  

O m* 

It would be highly des i rab le  t o  der ive a complete a n a l y t i c a l  

so lu t ion  t o  Eq.  (C.1). But in  a complicated atmosphere, such a 

so lu t ion  is, in e f f e c t ,  impossible t o  obtain.  Of course,  i n  an 

atmosphere fo r  which t h e  temperature s t r u c t u r e  i s  w e l l  known (even 

though no t  expressible  as a complete ana ly t i ca l  funct ion) ,  numerical 

so lu t ions  a r e  possible ,  i f  t he  va r i a t ion  of a bal loon 's  gas temperature 

with a l t i t u d e  i s  a l so  known. Although it might be suspected t h a t  t he  

gas temperature would vary ad iaba t ica l ly  as the balloon rises, eventual ly  

it must depart  from the  simple ad iaba t ic  va r i a t ion  as it attempts t o  

come i n t o  thermal equilibrium with t h e  various sources of hea t  which 

a f f e c t  it. (See Appendix A . )  

* 

* 
The gas temperature enters Eq. (C. l )  as w a s  shown in Eq. ( 2 . 5 )  

by t h e  r a t i o  of gas temperature t o  ambient temperature. 
t he  cross-sect ional  area, A, i s  a funct ion of balloon temperature; 
therefore  Eq. (C.l)  involves T' i n  a complicated way. 

I n  addi t ion,  
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Assume t h a t  t h e  temperatures of t he  a i r  and gas vary ad iaba t i ca l ly  

with a l t i t u d e  and with t h e  same lapse r a t e  (very near ly  t h e  case f o r  

a hydrogen-filled balloon i n  a n i t rogen  atmosphere; see Appendix A); 

then, t o  a f i r s t - o r d e r  approximation, remains constant with a l t i t u d e .  

Under these  assumptions, a n  a n a l y t i c a l  so lu t ion  t o  Eq. (C . l )  can be 

found a s  follows: 

Assuming t h a t  t h e  balloon may be considered a r i g i d  sphere when 

discussing the  drag forces  a f f e c t i n g  it, 4 may then be expressed i n  
terms of t h e  balloon volume a s  

and 
m P  

V = - g  (-) . 
P P '  

Approximate the  dens i ty  v a r i a t i o n  of t he  a i r  and gas with a l t i t u d e  

z a s ,  

and 

* 
where Ha and H a r e  t h e  "ef fec t ive  s c a l e  heights" of t he  a i r  and gas. 

Then 
g 

Writing 

where 

2 
V 

2 1 - 2 'D(?)' as '(F) 
213 4 . 8  cD 

D =  3 

m 

* 
Eqs. (C.3) should be regarded as f i t s  t o  t h e  a c t u a l  v a r i a t i o n  of 

p and p '  with a l t i t u d e .  
we l l  approximated by an exponential function f o r  an  ad iaba t i c  atmosphere. 

The v a r i a t i o n  of dens i ty  with a l t i t u d e  i s  



-151- 

and 

Since 
dv dv 

a s - =  v -  ¶ 

d t  dz 

i f  w e  make the 

then Eq. (C .l) 

where 

s u b s t i t u t i o n  

2 v = u, 

may be wri t ten as 

-az du 
- =  B - u D e  
dz 

B = -  * *  m 

-az Noting t h a t  a i s  a small quant i ty ,  w e  may approximate e a s ,  
1 

l*z 

-CY2 e ~ l - a z = - .  

Eq. (C . 4 ) ,  therefore ,  becomes 

du Du 
- =  B--. 
dz 1-2 

Eq. (6.5) may be solved t o  y i e ld  

B 1 2 

( l+az)D/a 

Dif fe ren t ia t ing  Eq. (C .6) t o  ob ta in  t h e  acce lera t ion  we have 

B r D 
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* * 
0 Remembering t h a t  B = 2FB/m , and from Eq. (2.1), FB = a m , where a 

i s  t h e  i n i t i a l  acce le ra t ion  of t h e  balloon, then 
0 

I f  t h e  proper s u b s t i t u t i o n s  a r e  made, then 

AOcDpO D =  J 

m* 

I .  
w e  may w r i t e  

and 1 

c3 - 2/81 ; cy=-- 

3Ha 

s ince  f.? > 1, and using the  equation of s t a t e  and the d e f i n i t i o n  of 

s c a l e  height , 

1 
Y and a M - (C -9) 

AOPOCD 
- 7 G  

.cy m*f3 Ha 

A P 

and i s  equal t o  t h e  mass of t h e  a i r ,  m 

column of cross-section A mult ip l ied  by g. 

equilibrium on t h e  sur face ,  [Eq. (2.1), FB = 0; m 

t o  t he  mass of a i r ,  m 

i s  t h e  fo rce  of t h e  atmosphere on a balloon s i t t i n g  on the sur face  0 0  
i n  t h e  t o t a l  atmospheric a’ 

For a balloon i n  dynamic 
Jc * 0 

= m], m 

. 
i s  equal 

displaced by a balloon volume, 
V’ vO 

Therefore 

a D m  

a m  
- 7 G - - C D  ; 

V 

s ince  even f o r  a r a t h e r  t h i n  atmosphere m /m > 1, then, D/a >> I, 
and D >> a .  
we may neglect t h e  term l / ( l - t a ~ ) ~ ’ ~  i n  Eq. (C.6). 

d i t i ons  the ve loc i ty  may be expressed as 

a v  
Hence except when the balloon i s  very near the su r face ,  

Under these con- 

(C . lo)  
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and t h e  acce le ra t ion  as 

(C .ll) 

* 
a m  

a =  O C Y .  

0’ I n  essence then, t h e  balloon has an i n i t i a l  acce le ra t ion ,  a 

which t h e  drag fo rce  of t h e  a i r  degrades t o  a value of a,  and from t h a t  

po in t  on t h e  balloon acce le ra t ion  remains constant u n t i l  a condition 

of equilibrium is  reached (F = 0), o r  the  balloon bu r s t s .  

t h e  degree t o  which Eq. ((3.11) may be applied t o  t h e  general motion 

of a balloon, it i s  necessary t o  determine how e a r l y  i n  i t s  rise it 

achieves t h e  condition of constant acce lera t ion .  

and CYZ small ( i . e . ,  z less than a scale he ight  Ha) Eq.  ((2.7) may be 

r ewr i t t en  t o  y i e l d  

To determine 

For D / a  l a rge  

(C .12) 

aO D- D 

Equation (C.12) may be solved f o r  z i n  t he  r e s t r i c t e d  case of z f 0, 

(C .13) 

* 
I f  , f o r  Mars, w e  assume a/D = and ask a t  what a l t i t u d e  does 

a /ao  = 1.01 CY/D, w e  f i n d  t h a t  t h i s  condition occurs a t  z = 10 Ha. 
I n  o ther  words, t h e  acce le ra t ion  i s  wi th in  one per cent of i t s  constant 

value by t h e  t i m e  t h e  balloon has reached an a l t i t u d e  equal t o  one 
p e r  cent of the  Martian scale he ight .  This very small constant 

acce le ra t ion  implies a n  almost constant ve loc i ty .  I n  proof of t h i s ,  

it is  very easy t o  show t h a t  Eq. (C.10) is e s s e n t i a l l y  equivalent t o  

t h e  terminal ve loc i ty  obtained by s e t t i n g  Eq. (C . l )  equal t o  zero and 

solving v with 

- 2  

v = h/2FB/pCDA 

5 Jr 
D/CY = A P C /m*g; on Mars P i s  of t h e  order of 10 gm-cm/sec2, and g i s  

gm and A 2 O* 4 
O O D  

of the  order of 4 x 10 cm/sec ; m should be of t h e  order of 2 x 10 
0’ t h e  i n i t i a l  balloon c ross  sec t ion ,  of the order of 3 x 10 4 2  c m  , then assuming 

-3 CD w 1 w e  have D / a  M 10 . 
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The assumptions used t o  obta in  a so lu t ion  t o  Eq. (C.l) appear 

sound enough to  warrant the statement t h a t  Eq.  (C.10) provides a 

good f i r s t -o rde r  approximation to the v e r t i c a l  ve loc i ty  of a balloon 

i n  the  Martian atmosphere. It a l s o  appears t h a t  t h i s  approximation 

is good up t o  an a l t i t u d e  where atmospheric temperature no longer 

va r i e s  ad iaba t i ca l ly  (a planetary tropopause) or  t o  an a l t i t u d e  

equal t o  about one planetary sca l e  height  - whichever occurs f i r s t .  

THE PARAMETER 1 
Because of the interdependence of the var ious balloon parameters 

and the f a c t  t h a t  the 

various performance equations,  i n  prac t ice  one would choose a value of 

en te r s  imp l i c i t l y  in to  almost a l l  of the 

A and then evaluate  a s p e c i f i c  system with t h i s  parameter now 

considered a constant .  It i s  important, therefore ,  t o  determine the 

possible  l i m i t s  on A t o  guide us i n  making a reasonable choice. The 

f i r s t  l i m i t  t h a t  we might examine is  t h a t  which provides us with 

a minimum value of A .  From Eq.  (2.13) it i s  obvious t h a t  i f  we can 

s t a t e  a m i n i m u m  ve loc i ty ,  w e  can, i n  e f f e c t ,  determine a corresponding 

minimum value of 1. 
qu i t e  s imple.  

the  addi t iona l  inf luence of hor izonta l  a i r  motion) t o  c l e a r  any 

na tu ra l  hazard. With our present lack of knowledge on Martian t e r r a i n  

c h a r a c t e r i s t i c s ,  and our present uncertainty i n  surface wind v e l o c i t i e s ,  

it is  r a the r  d i f f i c u l t  t o  es t imate  the  des i red  ascent  angle with any 

degree of confidence. Yet it i s  important t o  make such an est imate  

(recognizing the attendant unce r t a in t i e s )  s ince ,  i f  possible  , w e  wish 

t o  avoid decreasing the general  e f f ic iency  of the  system by requi r ing  

it t o  achieve a higher v e r t i c a l  ve loc i ty  than is  necessary t o  accomplish 

i t s  mission. 

i s  t o  assume a reasonable value f o r  the  na tu ra l  angle of repose of 

the  surface mater ia l s .  I f ,  a s  present ly  appears reasonable, we may 

assume t h a t  the br ight  a reas  onMars a r e  a form of sandy dese r t ,  then 

a possible  angle of repose might be the  known angle fo r  sandy mater ia l s  

on Earth a s  modified f o r  the condi t ions on Mars. 

f o r  sandy materials on Earth is  approximately 30 

The c r i t e r i o n  f o r  a minimum veloc i ty  i s  ac tua l ly  

We des i r e  t h a t  t he  balloon ascend f a s t  enough (under 

One approach i n  es t imat ing the required angle of ascent  

The angle of repose 

(measured from the 0 
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hor izonta l ) .  

w i l l  tend t o  decrease t h i s  angle, while lower g rav i ty  w i l l  tend t o  

increase  it. 

angle of repose is a n i c e  concept i n  theory, i n  p rac t i ce  as can be 

seen f r a n  t h e  t e r r a i n  on Earth,  t he re  are many departures from such an  

idea l ized  model. 

desired minimum angle of rise for  t he  balloon on Mars t o  be 40 . 
While such an assumption w i l l  not take care of t he  case of a balloon 

launched a t  t h e  base of a s t eep  escarpment, it a l s o  does not assume 

t h e  possibly u n r e a l i s t i c  condition of a l l  of Mars cons is t ing  of gently 

r o l l i n g  countryside. An estimate of a possible upper l i m i t  on 

ho r i zon ta l  wind may be obtained by an examination of t h e  ava i l ab le  

observations of cloud motions on Mars (Chapter 111). These observations 

ind ica t e  t h a t  while t h e  i n i t i a l  v e l o c i t i e s  of t hese  clouds are of 

t h e  order of 50-90 km/hr, t h e i r  ve loc i ty  at t h e  time of t h e i r  

disappearance i s  of t he  order 10 km/hr (3 m/sec). 

t h e  point of t h e  a l t i t u d e  at which these  winds occur, it is  c l ea r  

t h a t  3 m/sec probably is  a ve loc i ty  at storm abatement, and as such, 

might be assumed t o  be an estimate of t h e  nonstorm wind ve loc i ty  on 

Mars. 

of 40°, w e  ob ta in  an estimate of t he  minimum des i red  v e r t i c a l  ve loc i ty  

of approximately 250 d s e c .  

S t a r t i n g  with Eq. (C.10) and assuming z M 0 w e  have 

The low water-vapor content of  t h e  Martian atmosphere 

These two e f f e c t s  may cancel one another. Although t h e  

To take  a conservative viewpoint w e  s h a l l  assume a 
0 

Without arguing 

Assuming then a wind ve loc i ty  of 3 m / s e c ,  and an ascent angle 

Defining A. i n  terms of t h e  in i t ia l  radius of t he  balloon and the  

i n i t i a l  rad ius  i n  terms of t h e  mass of t h e  gas, it i s  possible t o  

remove t h e  dependence on the  balloon geometry, t he re fo re  y i e ld ing  an 

(C. 15) 

P’ U t i l i z i n g  Eq. (2.18) expressing the  r e l a t ionsh ip  between m 1% and m 
it is poss ib le  t o  obta in  t h e  following expression for  

P 
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4n $(1 - h/2)/(h + 1) - 1 

where t and p are t h e  thickness and density of t h e  balloon materials 

respec t ive ly ,  and pm is  the  dens i ty  at t h e  f l o a t i n g  a l t i t u d e .  

Assuming from Chapter V I  a value of 1.92 x 10 for t b p b ,  5 x 

for  p lom4 for  po, 3.9 x 10 for  g, and 1 for CD, w e  may p lo t  a 

curve of h versus payload mass for a minimum value of ve loc i ty  

equal t o  250 adsec. Such a p lo t  i s  presented i n  Fig. 12 for t h e  

case of hydrogen (Bo = M /M 

(8, equal t o  3.41). 

c e r t a i n l y  not a constant value of h t h a t  can be assumed, it appears 

t h a t  a A equal t o  0.1 i s  adequate for  payloads g rea t e r  than 10 kg. 

To examine the  ve loc i ty  implications of choosing a h equal t o  0.1, w e  

may p lo t  payload versus ve loc i ty  fo r  t h i s  constant value of A. These 

curves are presented i n  Fig. 13. From t h i s  f i gu re  it  i s  apparent t h a t  

with t h e  unce r t a in t i e s  attendant on our choice of v a value of A 
equal t o  0.1 i s  reasonable.  

* b b 

-3  

2 
m' 

min 

= 14.5), and decomposed ammonia 

A s  can be seen from t h i s  f igure ,  while t he re  i s  
a g  

min 

min' 

Before accepting t h i s  value, however, w e  must ask whether t h e  

chosen exceeds the  maximum l i m i t  t h a t  might be placed on h 'min 
with a somewhat d i f f e r e n t  set of c r i t e r i a .  

t h e  drag coe f f i c i en t  fo r  a balloon is  grea te r  than for  a sphere, and 

i n  t h e  case of t he  la rge  p l a s t i c  balloon, approaches t h a t  fo r  a f l a t  

d i sk  moving normal t o  i t s  plane. It i s  very d i f f i c u l t  t o  determine 

what might be a l imi t ing  Reynolds number for  s a fe ,  r e l i a b l e  operation 

of such thin-skinned vehicles.  We do know, however, t h a t  balloons 

A s  s t a t e d  previously, 

* 
For an ex tens ib le  balloon, pm would be replaced by p f ,  t h e  burs t ing  

a l t i t u d e ,  and t h e  extreme right-hand t e r m  i n  Eq. (C.16) would be divided 
by approximately 1. 3. 
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Fig. 12 -The parameter lambda versus payload mass for two values of P o :  
hydrogen and decomposed ammonia (v assumed to be 250 cm/sec) 

3oo E 
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I O 0  
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102 

Fig. 13 - Balloon velocity versus payload for hydrogen and decomposed ammonia 
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i n  Earth’s atmosphere have operated r e l i a b l y  wi th  Reynolds numbers 

of t h e  order of 10 . Without making a judgment as t o  whether o r  not 

a balloon could be b u i l t  t h a t  would operate r e l i a b l y  at s i g n i f i c a n t l y  

higher Reynolds numbers, w e  s h a l l  assume, perhaps conservatively, 

t h a t  R e  = 10 w i l l  be t h e  maximum value permitted. A s  i n  t h e  case 

w e  may start wi th  Eq. (C.lO), defining A. i n  terms of t h e  of ‘inin, 
balloon rad ius ,  and so lve  for  r U t i l i z i n g  t h e  formal d e f i n i t i o n  

fo r  Reynolds number, namely, 

6 

6 

0’ 

where ‘Q i s  t h e  v i s c o s i t y  of t h e  air [ f o r  a n i t rogen  atmosphere 

7 = 1.38 x 10-5T3’2/(T + 103) gm cm 

dependence on balloon radius,  y i e ld ing  

-1 -1 
sec 1, we may remove t h e  

(C. 17) 
1 - A12 

A +  1 

U t i l i z i n g  once again t h e  r e l a t i o n s h i p  between m 1 
Eq. (2.18),  w e  may obta in  the  following expression for m : 

and m , given by 
P 3  P 

P 

1-AI2 
- m = - (  7T p ( T )  - ‘1 

p0g 12 B h 

1) CD@’e)%2 ] 213 } . 
p0g 

- 
213 

Pm 

(C. 18) 

Assuming the  same parameter values as i n  t h e  case of h and 

subs t i t u t ing - in  t h e  assumed maximum value of Reynolds number, 
min’ 

Eq. (C.17) may be solved for payload m a s s  as a function of Amax. I f  

w e  now assume A t o  be equal t o  0.1, t h i s  equation y i e lds  a value 

of m equal t o  1.4 x 10 kg fo r  hydrogen, and 0.54 x 10 kg fo r  

cracked ammonia. It i s  apparent, then, wi th in  t h e  l i m i t s  of uncer ta in ty  

of our assumptions, t h a t  h equal t o  0.1 appears t o  be a reasonable choice 
3 

f o r  payloads up t o  approximately 10 

3 3 max 

P 

kg. 
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